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SUMMARY
T h is  t h e s i s  d e s c r ib e s  th e  developm ent of a s im u la to r  f o r  use 
i n  the  r e a l - t i m e  s tudy  of a mixed h y d ro - th e rm a l  power system. This 
equipment can be used to  in c o rp o r a te  r e a l  p la n t  i n  system response  
s t u d i e s  i n  o rd e r  to  e l im i n a t e  m o d e ll in g  u n c e r t a i n t i e a  I t  can a l s o  
be u se d  t o  e x e r c i s e  s p e e d  g o v e r n o r s  on r e a l  p l a n t  t h r o u g h  a w id e  
range  o f  o p e r a t i n g  c o n d i t i o n s  o b t a i n e d  a r t i f i c i a l l y .  T h is  i s  
p a r t i c u l a r l y  v a l u a b l e  f o r  l a r g e  c o n v e n t i o n a l  o r  p u m p e d - s to r a g e  
hy d r  o-1 u r  b i  ne s.
To couple  the  r e a l  p l a n t  to  th e  s im u la to r ,  a measurement of 
g e n e ra to r  power i s  r e q u i r e d  and a  means o f  i n j e c t i n g  a s im u la te d  
system  f r e q u e n c y  i n t o  t h e  g o v e r n o r  o f  t h e  t e s t  m a c h in e  m ust  be 
provided . Two methods of t e s t  s ig n a l  i n j e c t i o n  a re  d e s c r ib e d :  One 
f o r  e l e c t r o n i c  e q u ip m e n t  and  t h e  o th e r  f o r  m e c h a n ic a l -h y d ra u l ic  
gov ern o rs .
The p o w e r  s y s t e m  m o d e l s  u s e d  i n  t h e  d e v e l o p m e n t  a n d  
subsequen t u se  o f  th e  s i m u l a t o r  a r e  d i s c u s s e d  w i t h  p a r t i c u l a r  
r e f e r e n c e  to  th e  r e p r e s e n t a t i o n  o f  th e rm al p la n t  behaviour.
I n t e r f a c i n g  te c h n iq u e s  and secu re  o p e r a t in g  p ro ced u res  w ere  
e s t a b l i s h e d  d u r i n g  p r e l i m i n a r y  t e s t s  w i t h  t h e  s i m u l a t o r  a t  Loch 
Sloy Pow er S t a t i o n .  The r e s u l t s  o f  t h e s e  t e s t s  i n d i c a t e  th e  
p o t e n t i a l  o f  t h e  t e c h n i q u e  i n  a w id e  r a n g e  o f  i n v e s t i g a t i o n s  and  
on a v a r i e t y  o f  equipment.
A m u l t ip r o c e s s o r  v e r s io n  o f  th e  power system  s im u la to r  was 
developed  to  a l l e v i a t e  the  c o n s t r a i n t s  on model com plex ity  imposed 
by th e  f i n i t e  com pu ta tion  speed o f  a s in g le  p rocesso r .
O n - l in e  t e s t s  w i th  a c o a l - f i r e d  p la n t  model d em o n s tra te  some 
o f  th e  f e a t u r e s  o f  th e  behav iour of h y d ro - th e rm a l  power system s. 
The use of the s im u la to r  to  e s t a b l i s h  th e  m e r i t s  o f  a p a r t i c u l a r  
governor c o n f ig u r a t io n  i s  a l s o  i l l u s t r a t e d .
v i
T e s ts  on a d i e s e l  e n g in e  i n  t h e  i s o l a t e d  s y s te m  of th e  
W estern  I s l e s  d e m o n s t r a t e  th e  a p p l i c a t i o n  o f  th e  t e c h n i q u e  to  
g e n e r a t in g  p l a n t  t h a t  f o r m s  a s i g n i f i c a n t  p r o p o r t i o n  o f  th e  r e a l  
power system. In  t h i s  s i t u a t i o n ,  w hich  would be encoun te red  i f  th e  
te c h n iq u e  w e re  to  be u s e d  on l a r g e  h y d r o - e l e c t r i c  o r  s team  
tu r b i n e s ,  th e  s i m u l a t o r  m us t  p r e v e n t  e f f e c t s  o f  th e  t e s t  on t h e  
r e a l  system from in f lu e n c in g  th e  t e s t  r e s u l t .
F in a l ly ,  th e  pow er s y s te m  s i m u l a t o r  i s  u se d  t o  i n v e s t i g a t e  
th e  p o t e n t i a l  of a dev ice  to  enhance the  perform ance of e x i s t i n g  
governo rs ,  and  t o  com pare  t h e  r e s p o n s e  o b t a i n e d  w i t h  t h a t  o f  th e  
s ta n d a rd  equipment. In  t h i s  way, th e  use of th e  tech n iq u e  to  s tudy  




A power system  s im u la to r  has  been developed  to  i n v e s t i g a t e  
th e  re sp o n se  o f  g e n e ra t in g  p la n t  t o  lo a d  changes on the n a t io n a l  
g r id .  The v a l u e  o f  t h i s  e q u ip m e n t  i s  t w o f o l d :  F i r s t l y ,  i t  may be 
used t o  i n c o r p o r a t e  r e a l  p l a n t  i n  s t u d i e s  o f  s y s te m  r e s p o n s e  i n  
o rd e r  to  e l i m i n a t e  m o d e l l i n g  u n c e r t a i n t i e s  and ,  s e c o n d ly ,  sp eed  
g o v ern o rs  on r e a l  p l a n t  can  be e x e r c i s e d  t h r o u g h o u t  a w id e  r a n g e  
o f  o p e r a t in g  c o n d i t io n s  o b ta in e d  a r t i f i c i a l l y .
The p r o j e c t  was c a r r i e d  o u t  i n  c o l l a b o r a t io n  w i th  th e  North  
Of S c o t l a n d  H y d r o - E l e c t r i c  B o a rd  (NSHEB), and so a t t e n t i o n  w as 
p a r t i c u l a r l y  d i r e c t e d  t o  g o v e r n o r s  f o r  h y d r o - t u r b i n e s ,  a l t h o u g h  
th e  power system  s im u la to r  can, i n  p r in c i p l e ,  be a p p l ie d  to  most 
ty p e s  o f  g e n e r a t i n g  p l a n t  s u p p l y i n g  pow er t o  th e  n a t i o n a l  g r id .  
The f o c u s  o f  a t t e n t i o n  i s  w o r t h w h i l e  b e c a u s e  c o n v e n t i o n a l  and 
pum ped-sto rage h y d r o - e l e c t r i c  p la n t  h a s  an  im p o r ta n t  r o l e  to  play 
i n  t h e  o p e r a t i o n  o f  t h e  g r i d  s y s te m  and b e c a u s e  h y d r o - t u r b i n e s  
e x h i b i t  r a t h e r  u n u s u a l  t r a n s i e n t  b e h a v io u r  r e q u i r i n g  g o v e r n o r s  
w i th  s p e c i a l i s e d  c o n t r o l  c h a r a c t e r i s t i c s .  The pow er sy s te m  
s im u la to r  was a l s o  used to  s tudy  the  perform ance o f  d i e s e l  en g in es  
s u p p ly in g  pow er t o  i s o l a t e d  s y s t e m s  i n  c o n j u n c t i o n  w i t h  w in d -  
t u r b i n e  g e n e r a t o r s .
The t e c h n i q u e s  u s e d  t o  c o n t r o l  a pow er s y s te m  and th e  
c o n t r i b u t i o n  made by h y d r o - e l e c t r i c  g e n e r a to r s  w i l l  be d es c r ib e d  
i n  t h i s  ch ap te r .  The p r in c i p a l  h y d ro - tu rb in e  governor ty p e s  w i l l  
a l s o  be o u t l in e d  b e fo re  the  concept of the  power system  s im u la to r  
i s  in t ro d u c e d .
1
1.1 THE INTERCONNECTED POWER SYSTEM AND ITS CONTROL
Since 1935, the  g e n e ra t io n ,  t r a n s m is s io n  and d i s t r i b u t i o n  of 
e l e c t r i c i t y  i n  th e  U n ited  Kingdom has  employed the n a t io n a l  g r id
i
system , p r o v i d i n g  f o r  t h e  n a t i o n  a c h e a p e r  and m ore  s e c u r e  
supp ly  of e l e c t r i c a l  power. Economies of s c a l e  have been made w i th  
th e  c o n s t r u c t i o n  o f  v e r y  l a r g e  pow er s t a t i o n  c o m p le x e s  and th e  
s i z e  o f  i n d i v i d u a l  g e n e r a t i n g  u n i t s  h a s  i n c r e a s e d  w i t h  660MW 
m achines now th e  norm.
The c e n t r a l i s a t i o n  of power g e n e r a t io n  r e s o u r c e s  has l e d  to  a
g e n e ra l  r e d u c t i o n  i n  o p e r a t i o n a l  f l e x i b i l i t y  a c c e l e r a t e d  by th e
s h i f t  t o  n u c l e a r  f u e l s  and  so t h e  onus f o r  s y s te m  c o n t r o l  h a s
f a l l e n  on a s m a l l e r  p r o p o r t i o n  o f  th e  g e n e r a t i n g  p l a n t .  The
ex p ec ted  d a i ly  demand curve, u s u a l ly  p r e d ic te d  w i th  an accuracy  of
a b o u t 1%, can  be m e t a p p r o x i m a t e l y  by m anual o r d e r i n g  o f  th e
a v a i l a b l e  m a c h in e s .  H owever, t h e  s y s t e m ’ s i n i t i a l  r e s p o n s e  to
random v a r i a t i o n s ,  a b r u p t  c h a n g e s  i n  d em an d  a n d  s u d d e n
d is c o n n e c t io n  o f  g e n e r a t i o n  o r  l o a d  m u s t  be p r o v i d e d  by
a u to m a t i c a l ly  c o n t r o l l e d  g e n e r a t o r s .  P l a n t  w a i t i n g  i n  a p a r t l y -
lo a d ed  ’ s p i n n i n g ’ o r  ’ im m e d ia te  r e s e r v e ’ s t a t e  m u s t  be a v a i l a b l e
to  cope  w i t h  g e n e r a t i o n  d e f i c i t s  and  th e  p r im e  m o v e rs  m u s t  a l s o
respond  t o  l o a d  r e d u c t i o n  by d e c r e a s i n g  t h e i r  o u tp u t .  R ap id  l o a d
changes a s  l a r g e  a s  2GW can  o c c u r  i n  c o n n e c t i o n  w i t h  t e l e v i s i o n
programmmes o r  i n  t h e  e v e n t  o f  a t r i p  o f  t h e  c r o s s - c h a n n e l  d .c.
l i n k  or a l o s s  of n ig h t - t im e  pumping lo a d  a t  pum ped-storage power 
2 3s t a t i o n s .
Under n o rm a l  o p e r a t i n g  c o n d i t i o n s ,  t h e  s y s t e m ’ s g e n e r a t o r s  
run  s y n c h r o n o u s ly  and  s u p p ly  t o g e t h e r  th e  pow er t h a t  i s  b e in g  
drawn by th e  co n su m er  l o a d s  and t h e  t r a n s m i s s i o n  l o s s e s .  I f  a 
b a lance  does n o t  e x i s t  between the  e l e c t r i c  energy  p ro d u c t io n  and 
consum ption r a t e s  t h e n  t h e  d i f f e r e n c e  a d d s  t o  o r  d e p l e t e s  t h e
k i n e t i c  e n e r g y  s t o r e d  i n  t h e  r o t a t i n g  m a c h in e ry  s y n c h r o n i s e d  t o  
the  g r i d .  As th e  k i n e t i c  e n e rg y  s t o r e d  d e p e n d s  upon g e n e r a t o r  
speed, a  pow er im b a la n c e  w i l l  t r a n s l a t e  i n t o  a sp e e d  (and
ii
f req u en cy )  d e v i a t i o n  and so the  p r e c i s e  m a tch ing  o f  g e n e ra t io n  to  
lo a d  i s  a c h i e v e d  by r e g u l a t i n g  p r im e  m over s p e e d  and  h en ce  
e l e c t r i c a l  f r e q u e n c y .  W h ile  th e  s u p p ly  f r e q u e n c y  i s  s u b j e c t  t o  
s t a t u t o r y  l i m i t s  o f  49 .5  t o  50.5Hz, i t  i s  n o r m a l ly  k e p t  b e tw e e n
49 .8  and  50.2Hz.
Although manual i n t e r v e n t i o n  i s  im p o r ta n t  i n  th e  lo n g e r  term, 
s h o r t - t e r m  c o n t r o l  i s  p r o v id e d  a u t o m a t i c a l l y  by sp e e d  g o v e r n in g  
equipment f i t t e d  t o  t h e  g e n e r a t i n g  p l a n t .  When t h e  s y s t e m  
freq u en cy  d e v i a t e s  from i t s  nominal v a lu e ,  the  g o verno rs  sense  a 
speed e r r o r  and a d j u s t  t h e  m e c h a n ic a l  pow er s u p p l i e d  t o  t h e  
e l e c t r i c a l  g e n e r a to r & The f r a c t i o n a l  power change per  f r a c t i o n a l  
f req u en cy  d e v i a t i o n  i s  t h e  e f f e c t i v e  g a i n  o f  a g o v e r n o r ,  and i t s  
in v e r s e  i s  r e f e r r e d  t o  a s  th e  d roop . I n  t h e  UK s y s te m ,  g o v e r n o r  
d roops o f  a ro u n d  1 to  a r e  t y p i c a l ,  c o r r e s p o n d i n g  t o  g o v e rn o r  
g a in s  i n  t h e  r a n g e  100 t o  25. F o l lo w in g  a d i s t u r b a n c e  and  
su bsequen t g o v e r n o r  a c t i o n ,  s y s te m  o p e r a t o r s  r e q u e s t  l o a d i n g  
changes to  move the  system  freq u en cy  back to  50Hz.
R e g u la t io n  o f  th e  t r a n s m is s io n  system  v o l t a g e  i s  dependent on 
th e  im p o r t  and e x p o r t  o f  r e a c t i v e  power and i s  e s s e n t i a l  f o r  the
ii
c o r r e c t  t r a n s f e r  o f  pow er b e tw e e n  a r e a s  w i t h  t h e  minimum l o s s  . 
Contro l o f  a g e n e r a t o r ’ s t e r m i n a l  v o l t a g e  i s  p e r f o r m e d  by an  
au to m a t ic  v o l t a g e  r e g u l a t o r  (AVR), whose d y n a m ic s  a r e  u s u a l l y  
f a s t e r  th a n  those  of the  speed governor on the  se t .  The r e s i l i e n c e  
o f  th e  power system  to  s h o r t  c i r c u i t s  o r  l e s s  s ev e re  d i s tu rb a n c e s  
i n  th e  e l e c t r i c a l  ne tw ork  i s  dependent on g e n e ra to r  dynamics and
2i
AVR o p e r a t io n  . The system  and g e n e ra to r  v o l t a g e  c o n t ro l  f u n c t io n s  
may o c c a s io n a l ly  a f f e c t  g o v e rn o r  o p e r a t i o n  b u t  a p a r t  f ro m  w h ere
th e  e l e c t r i c a l  system  im pinges  on governor t e s t s ,  i t  w i l l  not be 
d is c u s s e d  f u r t h e r  here .
1 .2  CONTRIBUTIONS TO SYSTEM RESPONSE
In  t h e  e v e n t  o f  a su d d en  g e n e r a t i o n  d e f i c i t ,  t h e r m a l  p l a n t ,  
f u e l l e d  by co a l ,  o i l  or gas, no rm ally  c o n ta in s  th e  i n i t i a l  system  
f req u en cy  sw ing  by p ro v id in g  power from the  k i n e t i c  energy  s to r e d  
i n  t h e  r o t a t i n g  m a s s e s  and  f ro m  t h e r m a l  e n e rg y  r e s e r v e s  i n  th e  
b o i l e r  and pipework. The f requency  i s  r e s t o r e d  to  a p o s t - t r a n s i e n t  
s t e a d y - s t a t e  v a l u e  d e t e r m i n e d  by th e  o v e r a l l  d ro o p  o f  th e  s y s te m  
and th e  e x te n t  by which th e  lo a d  changes w i th  frequency . However, 
th e  steam p la n t  i s  unable to  m a in ta in  t h i s  s i t u a t i o n  because the  
b o i l e r  p r e s s u r e s  f a l l  b e f o r e  f i r i n g  r a t e s  can  be i n c r e a s e d .  By 
t h i s  t im e, h y d r o - e l e c t r i c  p la n t ,  w i l l  have in c r e a s e d  i t s  o u tp u t  i n  
re sp o n se  t o  t h e  f a l l  i n  f r e q u e n c y .  I t  may be a b l e  to  p r o v id e  
s u f f i c i e n t  pow er t o  m a i n t a i n  a c o n s t a n t  f r e q u e n c y  u n t i l  th e  
b o i l e r - t u r b i n e  u n i t s  a r e  once a g a in  a b le  to  in c r e a s e  t h e i r  ou tpu t ,  
o r  m an u a l i n t e r v e n t i o n  r e c o v e r s  th e  s i t u a t i o n  by s t a r t i n g  g a s  
t u r b i n e s  and i n c r e a s i n g  o u tp u t  from the  g e n e r a t in g  p la n t  a l re a d y  
on the  system.
The o p e r a t io n a l  f l e x i b i l t y  o f  n u c le a r  g e n e ra t io n  i s  l i m i t e d
and i t  n o r m a l l y  p l a y s  no p a r t  i n  t h i s  s e q u e n c e  o f  e v e n t s .  I n  th e
UK, n u c l e a r  pow er s t a t i o n s  a r e  n o t  n o r m a l ly  r e q u i r e d  t o  f o l l o w
system  l o a d  c h a n g e s  b e c a u s e  r a p i d  r e d u c t i o n s  i n  o u t p u t  c a u s e  a
'po ison ing*  o f  th e  r e a c t o r  w i t h  xenon. T h i s  e f f e c t  i n h i b i t s
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su b seq u en t i n c r e a s e s  i n  o u t p u t  f o r  a p e r i o d  o f  some h o u r s ,
a l th o u g h ,  i n  c o u n t r i e s  w i t h  a h ig h  p r o p o r t i o n  o f  n u c l e a r  p l a n t
such a s  F r a n c e ,  B e lg iu m  and  Sweden, t h i s  d ra w b a c k  h a s  t o  be
a c c e p te d  and  t h e  i n d i v i d u a l  u n i t s  t a k e  t h e i r  t u r n  on l o a d -
6fo l lo w in g  duty  i n  r o t a t i o n ,  a l l  owing t im e  f o r  r e a c t o r  reco v e ry .
As i n d i c a t e d  ab o v e ,  c o n v e n t i o n a l  and pum ped-storage hydro­
e l e c t r i c  t u r b i n e - g e n e r a t o r s  have an im p o r ta n t  c o n t r i b u t i o n  to  make 
to  gystem re sp o n se  and indeed  D inorw ig Power S t a t i o n  i n  Wales was 
b u i l t  f o r  p r e c i s e l y  t h i s  p u rp o s e .  Two o f  t h e  s t a t i o n ' s  s i x  300MW 
m achines a re  s u f f i c i e n t  to  p rov ide  most of the  im m edia te  r e s e r v e  
req u ire m en t  o f  t h e  C e n t r a l  E l e c t r i c i t y  G e n e r a t i n g  B oard  (CEGB).^ 
These t u r b i n e s  can  be m a i n t a i n e d  i n  an  u n w a te r e d  s p i n n i n g  
(sy n ch ro n ised )  c o n d i t i o n  w a i t i n g  t o  l o a d  r a p i d l y  i n  r e s p o n s e  to  
lo w -frequency  r e l a y s  s e t  a t  49.85Hz, say, or a t  the  r e q u e s t  of the  
g r id  c o n t r o l  c e n t r e .  The t u r b i n e s  a r e  c a p a b le  o f  r e a c h i n g  f u l l ­
lo a d  o u t p u t  f ro m  th e  i n i t i a l  ' s p i n n i n g  g e n e r a t e '  mode i n  11 
seconds. R ap id  c h a n g e s  i n  pum ping  l o a d  a r e  a l s o  u se d  t o  c o n t r o l  
th e  s y s te m .  Once l o a d e d ,  th e  D in o rw ig  t u r b i n e s  a r e  h i g h l y  
r e s p o n s iv e  to  c h a n g e s  i n  g r i d  f r e q u e n c y .  The g o v e r n o r s  h av e  a 
droop s e t t i n g  o f  1? g i v i n g  a ch an g e  i n  g e n e r a t o r  o u t p u t  o f  a b o u t
g
60MW f o r  a  0.1 Hz ch an g e  i n  f r e q u e n c y .  The o t h e r  p u m p e d - s to r a g e
8 Qs t a t i o n s ,  F f e s t i n i o g  (4 x 9 0 MW) , C ru ach an  (4x100MW) and  F o y e r s
10(2x150MfO a r e  a l s o  e x t e n s i v e l y  u se d  t o  acco m m o d a te  s h o r t - t e r m  
system  lo a d  f l u c t u a t i o n a  I t  i s  advan tageous  to  use h y d r o - e l e c t r i c  
power to  c o n t ro l  th e  system  because f o s s i l - f i r e d  th e rm a l  so u rces  
s u f f e r  e f f i c i e n c y  l o s s  i f  t h e i r  o p e r a t in g  p o in t  i s  m an ipu la ted .
The c o n t r o l  a p p l i e d  t o  e a c h  t u r b i n e  m u s t  be a p p r o p r i a t e  to  
the  o v e r a l l  dynam ics of th e  mixed n u c le a r -h y d ro - th e rm a l  system. 
The behav iour of th e  system frequency  w ith  changing lo a d s  depends 
v e ry  much on  th e  s y s te m  s i z e  and  c o m p o s i t i o n .  E s p e c i a l l y  s e v e r e  
s i t u a t i o n s  o c c u r  f o l l o w i n g  t h e  s e p a r a t i o n  o f  s e c t i o n s  o f  th e
network, a  r e a l  p o s s i b i l i t y  i n  p a r t s  o f  t h e  S c o t t i s h  sy s te m .
11' I s l a n d i n g '  of the  S c o t t i s h  system as  a w hole has  a l s o  occu rred ,  
a l th o u g h  t h i s  i s  now l e s s  l i k e l y  than  i n  the p as t .
T u rb ines  o f  F r a n c i s  d e s i g n  a r e  u s e d  i n  a l l  t h e  l a r g e r  
co n v e n t io n a l  h y d r o - e l e c t r i c  i n s t a l l a t i o n s  i n  th e  UK and, by v i r t u e
of t h e i r  r e v e r s i b i l i t y ,  a r e  i d e a l  f o r  pum ped-storage schemes. The
fo l lo w in g  d e s c r i p t i o n  o f  h y d r o - t u r b i n e  c o n t r o l  w i l l ,  t h e r e f o r e ,
r e l a t e  t o  t h e  g o v e r n i n g  o f  t u r b i n e s  o f  t h i s  d e s i g n  r a t h e r  th a n
v a r i a b l e - p i t c h  p r o p e l l e r  ’K a p la n '  t u r b i n e s  w h e re  c o n t r o l  o f  th e
12im p e l l e r  or ’runner* b la d e s  must a l s o  be cons idered .
1 .3  HYDRO-TURBINE CHARACTERISTICS
H y d ro - tu rb in e s  acco m m o d a te  l a r g e  l o a d  c h a n g e s  much m ore
r e a d i l y  than  steam p la n t .  The on ly  r e s t r i c t i o n s  imposed a r e  l i m i t s
on t h e  r a t e  o f  m ovem ent o f  th e  g o v e r n o r  v a l v e  g u id e  v a n e s .  A
maximum l o a d i n g  r a t e  i s  im p o se d  to  p r e v e n t  th e  s u r g e  s h a f t
em ptying co m p le te ly  c a u s in g  th e  e n t ra in m e n t  o f  a i r  i n  th e  p ip e l in e
and p o s s i b l e  dam age t o  th e  t u r b i n e  r u n n e r .  I n  t h e  fo rm  o f  a
minimum gu ide  vane opening  t im e , t h i s  h as  a  v a lu e  o f  about 20s f o r
.Sloy (4 x 3 2 .5 MW) and 7 s  f o r  D in o rw ig  t u r b i n e s .  A maximum
c l o s i n g  r a t e  i s  a l s o  im p o s e d  t o  p r e v e n t  o v e r - p r e s s u r e  i n  t h e
p ip e l in e  a f t e r  s u d d e n  l o a d  r e d u c t i o n s ,  a l t h o u g h  t u r b i n e  b y p a s s
’ r e l i e f *  v a l v e s  h e l p  t o  a l l e v i a t e  t h i s  p ro b le m  on sc h e m e s  w i t h
s u r f a c e  p i p e l i n e s  w h e re  i t  i s  m ore d a n g e ro u s .  Minimum c l o s i n g
t im e s  f o r  Sloy and D inorw ig  a r e  4 and 7s r e s p e c t iv e l y .
The w a t e r  i n  th e  t u n n e l  b e tw e e n  th e  dam and  th e  s u r g e  s h a f t
i s  prone to  mass o s c i l l a t i o n  and l a r g e  lo a d  r e j e c t i o n s  fo l lo w e d  by
15re c o n n e c t io n  o f  lo a d  a f t e r  a  few m in u te s  can cause problem s. At
S loy, t h i s  o s c i l l a t i o n  o c c u rs  a t  a f requency  o f  around 0.004Hz.^
The c o n s t r a i n t s  imposed on h y d r o - tu r b in e s  a r e  q u i t e  m odest i n
com parison w i th  th e  r e s t r i c t i o n s  on th e rm a l  g e n e ra t io n .  However,
the  d y n a m ic s  o f  th e  p l a n t  a r e  r a t h e r  u n u s u a l  and  i t  i s  d i f f i c u l t
t o  h a rn e s s  f u l l y  th e  h y d r o - tu r b in e ’s  n a t u r a l  a b i l i t y  to  c o n t r i b u te
to  system  response .
The most p rom inen t f a c t o r  w hich makes a h y d ro - tu rb in e  unco-
17o p e r a t iv e  i s  t h e  i n e r t i a  o f  th e  w a t e r  co lu m n  i n  th e  p i p e l i n e .
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Although t h e  t u r b i n e  v a l v e  o p e n in g  may be ch an g ed  r a p i d l y ,  th e
w a te r  column i n e r t i a  p re v e n ts  the  flow  from i n c r e a s i n g  a s  r a p id ly .
As a r e s u l t ,  a f t e r  a r a p id  in c r e a s e  i n  g a te  opening and b e fo re  the
flow  r a t e  h a s  had  t im e  to  ch an g e  a p p r e c i a b l y ,  t h e  w a t e r  h e a d  a t
th e  tu r b in e  ru n n e r  d rops a s  a f u n c t io n  o f  th e  in c r e a s e  i n  a r e a  of
v a lv e  opening. So the t u r b in e  power, w hich i s  p r o p o r t io n a l  to  th e
p ro d u c t  o f  h ead  and  f lo w ,  d ro p s  b e f o r e  i t  i n c r e a s e s .  F o r  s m a l l
d e v i a t i o n s  a ro u n d  an  o p e r a t i n g  p o i n t ,  t h i s  b e h a v i o u r  can  be
18d e s c r ib e d  by th e  f o l lo w in g  t r a n s f e r  fu n c t io n :
where AW i s  t h e  n o r m a l i s e d  ch an g e  o f  pow er o f  t h e  t u r b i n e ,  AA i s
th e  n o r m a l i s e d  change  o f  c o n t r o l  v a l v e  a r e a  an d  Tw i s  th e  w a t e r
i n e r t i a  time. T v a r i e s  w i th  p ip e l in e  geom etry and v a lv e  p o s i t i o n  w
where H i s  th e  t o t a l  head and Q i s  th e  v o lu m e t r i c  f low  i n  s e c t i o n s
of p i p e l i n e  o f  l e n g t h ,  L and  c r o s s - s e c t i o n a l  a r e a ,  A. g i s  th e
a c c e l e r a t i o n  due to  g r a v i t y .  F u l l  l o a d  v a l u e s  o f  T f o r  S lo y  andw
w ith  m ore  t h a n  one t u r b i n e ,  T i n c r e a s e s  ab o v e  t h e  v a l u e  f o r  onew
s e t  a s  o t h e r  t u r b i n e s  come on  l o a d  and  ch a n g e  Q i n  th e  common 
s e c t i o n s  o f  p ip e l in e .
The w a te r  column i n e r t i a  makes a h y d ro - tu rb in e  d i f f i c u l t  to  
c o n t ro l  and, i f  a p u re ly  p r o p o r t io n a l  governor i s  used, a s  on most 
o th e r  p rim e movers, s t a b i l i t y  i s  l o s t  when th e  g e n e ra to r  becomes 
i s o l a t e d  f ro m  t h e r m a l  p l a n t  w i t h  i t s  h ig h  i n e r t i a .  The g o v e r n o r  
must, t h e r e f o r e ,  h av e  a d d i t i o n a l  c o m p o n e n ts  t o  p r o v id e  i s o l a t e d  
lo a d  s t a b i l i t y .  U n f o r t u n a t e l y ,  t h e s e  c o m p o n e n ts  a l s o  r e d u c e  th e  
r a t e  of response  to  f requency  d e v ia t io n s  when th e  h y d ro - tu rb in e  i s
AA 1+0.5sT, 1.1w
13and i s  c a l c u l a t e d  from:
1.2
1 O 1 ii
Dinorwig t u r b i n e s  a r e  1 .1s  and  1 .6 s  r e s p e c t i v e l y .  I n  sch em e s
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connec ted  to  th e  g r id .  I t  i s  d i f f i c u l t  to  combine s t a b i l i t y  under 
a l l  o p e r a t in g  c o n d i t io n s  w i th  a r a p id  re sp o n se  to  d i s tu r b a n c e s  i n  
a l a r g e  system.
Most h y d r a u l i c a l l y - c o n t r o i l e d  h y d r o - e l e c t r i c  sch e m e s ,  
in c lu d in g  th o s e  o f  t h e  NSHEB, u t i l i s e  ’ t e m p o r a r y  d ro o p ’ s p e e d  
g o v e rn o rs  ( F ig u r e  1 .1 ) ,  w h ich  use  p r o p o r t i o n a l  a c t i o n  w i t h  a 
dashpot p r o v i d i n g  a t e m p o r a r y  i n c r e a s e  i n  f e e d b a c k  ( i . e .  a 
d e c re a se  i n  g a in )  d u r in g  speed t r a n s i e n t s .
1 .4  GOVERNOR CHARACTERISTICS FOR LARGE TURBINES
19P ay n te r  * in d i c a t e d  t h a t  th e  optimum tem porary  droop governor
re s p o n se  was o b ta in e d  w i th  a tem porary  droop of
bt  = 2 .5  -jw 1.3
a
and a tem porary  droop time c o n s ta n t  of
T = 5 .9  T 1.4d w
Where T i s  the  a l t e r n a t o r  i n e r t i a  tim e c o n s ta n t .  When s u b s t i t u t e d  a
i n  th e  governor t r a n s f e r  fu n c t io n ,  th e se  s e t t i n g s  g iv e  a dominant 
governor t im e  c o n s ta n t  of
_ 14.7 T2
g = b T M 1>5p a
where bp i s  the  perm anent droop s e t t i n g .  W ithout g r e a t e r  c a p i t a l
e x p e n d i tu re  to  in c r e a s e  th e  c r o s s - s e c t i o n a l  a re a  of th e  p ip e l in e ,
T i s  g e n e r a l l y  l a r g e r  f o r  b i g  h y d r o - t u r b i n e s  and  i n  o r d e r  t ow
av o id  slow response  d u r in g  g r id -c o n n e c te d  o p e ra t io n ,  a l t e r n a t i v e
form s of governor must be con s id e red .  For Sloy t u r b i n e s  w i th  a 3%
droop (b = 0 .0 3 ) ,  T =1.1 s and  T = 7 .Os, t h e  d o m in a n t  g o v e r n o r  t i m e  p w a
c o n s ta n t ,  T i s  85s. D in o r w ig  f i g u r e s  o f  T =1 .6 s  and  T = 8 .6s  g iv eg w a
145s f o r  a 3% d ro o p  an d ,  i n  f a c t ,  t h e  s i t u a t i o n  i s  e v e n  w o rse
because  a  \% c h a r a c t e r i s t i c  i s  r e q u ir e d .
A r e d u c t io n  i n  re sp o n se  t im e  to  abou t one f o u r th  t h a t  o f  the
tem porary  droop d es ig n  can be o b ta in e d  w i th  the  double d e r i v a t i v e
20 21governor shown i n  F i g u r e  1.2. ’ The f i r s t  d e r i v a t i v e  te rm
acco m p lish es  th e  same f u n c t i o n  a s  th e  tem porary  droop feedback  i n  
th e  more co n v e n t io n a l  governor. Both produce a s in g le  phase le a d  
te rm  i n  th e  num era to r  o f  th e  t r a n s f e r  f u n c t io n  which com pensates 
f o r  t h e  w a t e r  co lu m n  i n e r t i a .  The s e c o n d  d e r i v a t i v e  p r o v i d e s  an  
a d d i t i o n a l  l e a d  te rm  to  o v e rco m e  th e  l a g  i n h e r e n t  i n  t h e  v a l v e  
servom otor.
The same perform ance can be o b ta in e d  w i th  a th r e e - te r m  'PID' 
22c o n t r o l l e r  ( F i g u r e  1 .3 )  w i t h  p r o p o r t i o n a l ,  i n t e g r a l  a n d
d e r i v a t i v e  components. Long-term droop i s  p ro v id ed  by th e  feedback
o f  v a l v e  p o s i t i o n  o r  a m e a s u re m e n t  o f  g e n e r a t o r  pow er o u t p u t  to
th e  p r o p o r t i o n a l  and i n t e g r a l  t e r m s  o f  t h e  c o n t r o l l e r  a f t e r
com parison w i th  a power s e tp o in t .  However, the  d o u b le -d e r iv a t iv e
scheme o f f e r s  a num ber o f  p r a c t i c a l  a d v a n t a g e s  such  a s  a more
20 21 23co n v en ien t  i n s e r t i o n  o f  t h e  l o a d  c o n t r o l  s i g n a l .  ’ ’ J The
double  d e r i v a t i v e  g o v e r n o r  u s e s  t h e  p i l o t  s e r v o m o to r  t o  p e r fo rm
th e  f u n c t i o n  o f  i n t e g r a t i o n  w h e r e a s  th e  PID g o v e r n o r  r e q u i r e s  a
r a p id  c l o s e d - l o o p  r e s p o n s e  f ro m  th e  p i l o t  s e r v o m o to r  and i s ,
t h e r e f o r e ,  h a r d e r  t o  i m p l e m e n t .  V a r i o u s  m o d i f i c a t i o n s  a r e
a p p r o p r i a t e  depending on th e  type of e l e c t r o - h y d r a u l i c  a c t u a t i o n
employed. I n  b o th  c o n f i g u r a t i o n s ,  th e  c o m p e n s a t in g  t e r m s  may be
complex g iv in g  a f a s t e r  r i s e  tim e. The perform ance i s ,  t h e r e f o r e ,
20s u p e r io r  t o  t h a t  o f  a c a s c a d e  c o m p e n s a to r  o f  th e  same o r d e r .  
These g o v e r n o r s  a r e  i n t e n d e d  t o  i n c r e a s e  t h e  h y d r o - t u r b i n e 1 s 
c o n t r i b u t i o n  to  system  re sp o n se  w h i l s t  m a in ta in in g  s t a b i l i t y  under 
a l l  c o n d i t i o n s .  They do n o t  a t t e m p t  t o  im p ro v e  i s o l a t e d  l o a d  
perform ance.
H y d rau l ic  im p le m e n ta t io n  of th e se  governor c h a r a c t e r i s t i c s  i s  
g e n e r a l ly  n o t  p r a c t i c a b l e  and  so th e y  w e re  n o t  u s e d  on e a r l i e r  
i n s t a l l a t i o n s .  However, th e  a v a i l a b i l i t y  o f  e l e c t r o n i c  equipm ent 
h a s  l e d  t o  t h e  a d o p t i o n  o f  b o th  d o u b le  d e r i v a t i v e  and  PID
9
20 24 25g o v ern o rs  f o r  r e c e n t l y  c o n s t ru c te d  p la n t .  ’ *
A m i c r o p r o c e s s o r - b a s e d  g o v e r n o r  w i t h  a d o u b l e - d e r i v a t i v e
a lg o r i th m  was developed and i n s t a l l e d  on a 32.5MW h y d ro - tu rb in e  a t
Loch S loy Power S t a t i o n  i n  th e  course  of p rev io u s  work a t  Glasgow 
1 ^  o f  o n  o rU n iv e r s i t y .  ’ * ’ T h is  g o v e r n o r  p r o v id e d  a c o n s i d e r a b l y
f a s t e r  r e s p o n s e  t h a n  t h e  e x i s t i n g  t e m p o r a r y  d ro o p  ty p e ,  b u t
f u r t h e r  im provem ents  were p o s s ib le  i f  the  c o n t ro l  p a ra m e te rs  were
ad ap ted  a c c o r d i n g  t o  t h e  o p e r a t i n g  p o i n t  o f  t h e  t u r b i n e .  I t  w as
then  p o s s i b l e  to  c o m p e n s a te  f o r  th e  l o a d - v a r y i n g  w a t e r  t im e
c o n s ta n t  and o th e r  n o n - l i n e a r i t i e s .  The m ic ro p ro c e s s o r  approach
p e rm i t te d  t h i s  a d a p t io n  to  take  p la c e  i n  a s t r a i g h t f o r w a r d  manner.
1 .5  ANALYSIS OF HYDRO-TURBINE GOVERNOR BEHAVIOUR
A range  of a n a l y t i c a l  te c h n iq u e s  have been used i n  the sea rch
1 9f o r  optim um  g o v e r n o r  s e t t i n g s .  P a y n te r  d e f i n e d  a s t a b i l i t y
r e g io n  f o r  a h y d r o - t u r b i n e  w i t h  a t e m p o r a r y  d ro o p  g o v e r n o r  on
i s o l a t e d  l o a d  by d i r e c t  e x p e r i m e n t a t i o n  on an  e l e c t r o n i c  a n a l o g  
29s im u la t io n .  Hovey p u t  t h i s  w o rk  on a t h e o r e t i c a l  f o o t i n g  u s in g
th e  R o u th - H u r w i tz  t e c h n i q u e  and  a p p l i e d  i t  t o  f i x e d - b l a d e
p r o p e l l e r  t u r b i n e s  i n  a p r a c t i c a l  power system. The e f f e c t s  of the
permanent d ro o p  f e e d b a c k  and  t h e  l o a d  s e l f - r e g u l a t i o n  had  b een
30o m itted  bu t th e se  w ere added by Chaudry.
Thorne and  H i l l  d e v e lo p e d  a m ore  d e t a i l e d  m odel o f  a 100MW
Kaplan t u r b i n e  w i t h  an  e l e c t r o n i c  PID g o v e r n o r  f o r  s i m u l a t i o n
31 32s t u d i e s  and used e ig e n v a lu e  a n a l y s i s  to  i n v e s t i g a t e  s ta b i l i ty * ^  ;
th e  R outh-H urw itz  te ch n iq u e  b e ing  i m p r a c t i c a l  f o r  a model of t h i s
com plexity . The e f f e c t s  o f  th e  d e r i v a t i v e  g a i n  and  o t h e r  f a c t o r s
33were c o n s i d e r e d  s u b s e q u e n t l y .  O th e r  a u t h o r s  c o n s i d e r e d  th e
e f f e c t s  o f  th e  d e r i v a t i v e  term w i th  a s im p le  tu rb in e  model u s in g
34e ig e n v a lu e  a n a l y s i s  and  th e  R o u th - H u r w i tz  and  r o o t - l o c u s  
35te c h n iq u e s .
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A ll o f  t h e s e  s t u d i e s  u s e d  l i n e a r i s e d  m o d e ls  and to o k  no 
acco u n t o f  governor deadband which can have a s i g n i f i c a n t  e f f e c t  
on s t a b i l i t y . ^  S t e i n ^  and F a s o l ^  s t u d i e d  t h e  e f f e c t  o f  
governor d e a d b a n d  u s i n g  h a r m o n ic  r e s p o n s e  t e s t s  and d e s c r i b i n g  
f u n c t i o n  methods. The e f f e c t s  o f  governor v a lv e  r a t e  and p o s i t i o n  
l i m i t s  and the n o n - l i n e a r  r e l a t i o n s h i p  between ga te  p o s i t i o n  and
O Q
tu r b in e  t o r q u e  w e re  a s s e s s e d  by U n d r i l l  and W oodw ard0 u s i n g  
d i g i t a l  c o m p u te r  s i m u l a t i o n .  O th e r  s t u d i e s  o f  h y d r o - t u r b i n e  
behav iour  have been r e p o r te d  by v a r io u s  a u th o rs .
In  u s in g  the te c h n iq u e s  w hich p o s i t i o n  p o le s  i n  the  complex 
f req u en cy  p l a n e ,  i t  m u s t  be b o rn e  i n  m ind  t h a t  a d d i n g  d am p in g  t o  
reduce  the power o u tp u t  o v e rsh o o t  may not be d e s i r a b l e .  Given th a t  
a p a r t i c u l a r  h y d ro - tu rb in e  i s  s t a b l e  on i s o l a t e d  lo a d ,  in c r e a s in g  
the  g o v e r n o r  dam p in g  beyond a c e r t a i n  p o i n t  w i l l  i n c r e a s e  th e  
f requency  o v ersh o o t fo l l o w in g  a change i n  lo a d .3 A c c e p ta b i l i ty  of 
the  t im e  domain re sp o n se  should  a l s o  be cons idered .
1 .6  ON-LINE TESTING OF HYDRO-TURBINE GOVERNORS
A ctual t e s t s  o f  i s o l a t e d  o p e r a t i o n  have  b een  c a r r i e d  o u t  on 
some h y d r o - t u r b i n e s ,  J b u t  t h e  p r o g r e s s i v e  i n t e r c o n n e c t i o n  o f  
system s and  th e  i n c r e a s i n g  s i z e  o f  t h e  m a c h in e s  h a s  made s u c h  
t e s t s  i n c r e a s in g ly  d i f f i c u l t  to  perform .
A f te r  s tu d y in g  the  o p t i m i s a t i o n  of tem porary  droop governo rs
17 3 Qu s in g  a n a l o g  s i m u l a t i o n ,  ' S c h l e i f  and A n g e l l J J  d e v i s e d  a
te c h n iq u e  f o r  exam in ing  the  perfo rm ance of the  a c t u a l  tu r b in e  and 
g o v ern in g  s y s te m  a t  any lo a d  s e t t i n g  a s  th o u g h  i t  w e re  a c t u a l l y  
s e rv in g  a n  i s o l a t e d  lo a d .  By s i m u l a t i n g  i s o l a t i o n  o f  t h e  h y d ro ­
tu r b in e  u n i t  u n d e r  t e s t ,  S c h l e i f  d i s p e n s e d  w i t h  t h e  need  to  
m easure a l l  th e  t u r b i n e  and g o v e r n o r  p a r a m e t e r s  b e c a u s e  a l l  th e  
unknowns a r e  r e p r e s e n t e d  i n  t h e  p l a n t  i t s e l f .  I n  p a r t i c u l a r ,  a l l  
the  n o n - l i n e a r i t i e s  a r e  a u t o m a t i c a l l y  i n c l u d e d  and  t e d i o u s
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c a l c u l a t i o n s  o f  w a t e r  i n e r t i a  t i m e s  a t  v a r i o u s  l o a d  l e v e l s  a r e
avoided. T h is  te c h n iq u e  has been used i n  p re v io u s  work a t  Glasgow
26 40 41U n iv e r s i ty  a n d  e l s e w h e r e .  1 Use o f  t h i s  t e c h n i q u e  h a s
c o n s i s t e n t l y  shown th e  need  f o r  m ore s t a b i l i s a t i o n  th a n  th e
39 40a n a l y t i c a l  s t u d i e s  sugges t.  '
To s i m u l a t e  i s o l a t e d  o p e r a t i o n ,  a measurem ent of g e n e ra to r
power i s  connec ted  to  a s im u la t io n  of th e  a l t e r n a t o r  i n e r t i a  and
th e  l o a d  c h a r a c t e r i s t i c s .  The o u t p u t  o f  t h e  s i m u l a t o r  i s  a
s im u la te d  system  frequency  w hich i s ,  i n  p r i n c i p l e ,  s u b s t i t u t e d  f o r
th e  m a c h in e  s p e e d  s i g n a l  n o r m a l ly  f e d  t o  t h e  g o v e r n o r .  The
governor  i s  t r i c k e d  i n t o  t h i n k i n g  t h a t  t h e  h y d r o - t u r b i n e  i s
i s o l a t e d  f ro m  t h e  g r i d .  I n  t h e  o r i g i n a l  w ork ,  t h e  s i m u l a t e d
fre q u e n c y  s ig n a l  was i n j e c t e d  m e ch an ic a l ly .  In  more r e c e n t  t e s t s
on e l e c t r o n i c  g o verno rs ,  th e  s ig n a l  was i n j e c t e d  e i t h e r  a s  a dLc.
26v o l t a g e  a t  the  summing j u n c t i o n  of an o p e r a t io n a l  a m p l i f i e r  o r
u s in g  a  v o l t a g e  c o n t r o l l e d  o s c i l l a t o r  to  d r iv e  th e  normal governor
41in p u t  i n  p la c e  of th e  machine speed  tr a n s d u c e r .
O ther s im u l a to r s  have been b u i l t  to  check ou t th e  perform ance
42 43o f  power p la n t  c o n t r o l s ,  * J  bu t th e s e  a re  d i f f e r e n t  i n  concep t 
i n  t h a t  they  r e p la c e  th e  p la n t  i t s e l f  r a t h e r  th a n  th e  su rro u n d in g  
system.
1 .7  THE CONCEPT OF THE POWER SYSTEM SIMULATOR
With t h e  i n c r e a s i n g  u se  o f  h y d r o - t u r b i n e  p l a n t  to  c o n t r o l  
l a r g e  pow er s y s t e m s  and  t h e  a v a i l a b i l i t y  o f  g o v e r n o r s  a b l e  to  
s e l e c t  a l t e r n a t i v e  p a r a m e t e r s  on l o a d ,  i t  i s  i m p o r t a n t  t o  
i n v e s t i g a t e  th e  perform ance of th e  mixed h y d ro - th e rm a l  system  a s  a 
whole. A g o v e r n o r  m u s t  p r o v i d e  i s o l a t e d  l o a d  s t a b i l i t y  b e f o r e  a 
h y d ro - tu rb in e  i s  s y n c h r o n i s e d ,  b u t  a f t e r w a r d s  i t  can  s w i t c h  to  
p a ra m e te rs  w h ic h  p r o v i d e  a g r e a t e r  c o n t r i b u t i o n  t o  s y s t e m  
resp o n se .  The governed tu r b in e  i s  th e n  no lo n g e r  s t a b l e  under a l l
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o p e r a t in g  c o n d i t i o n s  and  th e  s t a b i l i t y  l i m i t  o c c u r s  f o r  some 
i s l a n d e d  s y s t e m  w h e r e  t h e  h y d r o - t u r b i n e  i s  a l a r g e r  t h a n  
a n t i c i p a t e d  p r o p o r t io n  of the  g e n e ra t in g  p la n t .  For example, i t  i s  
recommended t h a t  the  Dinorwig t u r b i n e s  a re  not o p e ra te d  w i th  the 
h igh  governor g a in s  in te n d e d  f o r  system o p e ra t io n  i f  the  g r id  s i z e  
f a l l s  below 5GW.25
O f f - l i n e  s i m u l a t i o n  h a s  b een  u s e d  t o  s tu d y  th e  e f f e c t  o f
44p a r t i c u l a r  governor s e t t i n g s  on o v e r a l l  system  behav iou r  . Such
s t u d i e s  r e q u i r e  th e  s im u la t i o n  o f  a number of coupled  g e n e ra t io n
b lo c k s  o f  d i f f e r i n g  c h a r a c t e r i s t i c s  ( F i g u r e  1 .4). The o u t p u t s  o f
th e s e  g e n e r a t i o n  u n i t s  a r e  w e i g h t e d  a c c o r d i n g  t o  t h e i r  r e l a t i v e
predominance i n  th e  pow er sy tem  t o  be m o d e l l e d  and  th e  t o t a l
o u tp u t  i s  t h e n  co m p ared  w i t h  t h e  co n su m er  demand w h ic h  may v a ry
w i th  f r e q u e n c y .  The m odel i s  c o m p le te d  by a n  e q u i v a l e n t  m a c h in e
r e p r e s e n t a t i o n  of g e n e ra to r  i n e r t i a .  This  s i n g l e  f ly w h e e l  model of
th e  i n d i v i d u a l  a l t e r n a t o r s  u s e s  a lu m p ed  a c c e l e r a t i o n  c o n s t a n t
a p p r o p r i a t e  t o  t h e  p a r t i c u l a r  m ix  o f  p l a n t  on t h e  s y s te m .  T h is  i s
45an  a v e r a g e  s y s te m  f r e q u e n c y  m ode l w h e re  v o l t a g e  e f f e c t s  and 
in te r -m a c h in e  o s c i l l a t i o n s  a r e  i g n o r e d .  I t  i s  a s su m e d  t h a t  th e  
d e v i a t i o n s  i n  f r e q u e n c y  f rom  th e  s y s te m  a v e r a g e ,  w h ic h  a r e  
a s s o c i a t e d  w i t h  i n t e r - m a c h i n e  o s c i l l a t i o n s ,  have no a p p re c ia b le  
e f f e c t  on t h e  m a c h in e  g o v e r n o r s  and  m e c h a n ic a l  pow er. Load f lo w  
c a l c u l a t i o n s  a r e  not in c lu d e d  because th e  changes i n  t r a n s m is s io n  
l o s s  f o l lo w in g  a d is tu rb a n c e  have a only  a secondary e f f e c t  on the 
system  response .
While v a lu a b le  r e s u l t s  may be o b ta in e d  from o f f - l i n e  s tu d ie s ,  
t h e r e  i s  c o n s i d e r a b l e  i n c e n t i v e  t o  t e s t  th e  r e s p o n s e  o f  th e  r e a l  
h y d ro - tu rb in e  p l a n t  u n d e r  a c o m p re h e n s iv e  r a n g e  o f  c o n c e i v a b l e  
o p e r a t in g  c o n d i t io n s .  The b e n e f i t  of such o n - l i n e  t e s t i n g  l i e s  i n  
th e  e l i m i n a t i o n  o f  m o d e l l i n g  u n c e r t a i n t i e s ,  p a r t i c u l a r l y  th o s e
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a s s o c i a t e d  w i t h  p l a n t  n o n - l i n e a r i t e s  such  a s  g o v e r n o r  l i n k a g e  
back lash . I t  i s  a l s o  u s e f u l  to  d e m o n s t r a t e  t h a t  an  i n s t a l l e d  
governor can perform  i t s  c o n t ro l  f u n c t io n  e f f e c t i v e l y  and to  check 
the  tu n in g  of i t s  p a ram ete rs .
I t  i s  im p r a c t i c a b le  to  perform  e x te n s iv e  t e s t i n g  on th e  r e a l  
power n e tw o rk  b e c a u s e  th e  d i s r u p t i o n  n e c e s s a r y  t o  e s t a b l i s h  a 
p a r t i c u l a r  g r id  sub -sys tem  would be u n acc ep tab le .  However, a s  an 
e x t e n s io n  o f  S ch le if*  s  method f o r  s im u l a t i n g  i s o l a t e d  o p e ra t io n ,  
th e  power system dynamics seen  by a p a r t i c u l a r  i tem  of g e n e ra t in g  
p l a n t  may be a l t e r e d  through the  use of a r e a l - t i m e  power system 
s im u la to r  c o n n e c te d  i n t o  t h e  sp e e d  g o v e r n o r  c o n t r o l  lo o p .  A w id e  
range  of t e s t s  may then  be c a r r i e d  o u t  w i th o u t  unduly d i s tu r b i n g  
th e  normal o p e ra t io n  o f  the  g r id .  The g e n e ra t io n  and lo a d  dynamics 
i n  the  power system of i n t e r e s t  a r e  r e p r e s e n te d  i n  the  s im u la to r .
The a rrangem en t employed f o r  th e  o n - l i n e  s t u d i e s  re m a in s  a s  
o u t l i n e d  i n  F i g u r e  1.4. H ow ever, th e  n u c l e a r ,  c o a l  and  o i l  f i r e d  
p la n t  a r e  a l l  s i m u l a t e d  i n  r e a l  t i m e ,  w h i l e  t h e  h y d r o - e l e c t r i c  
g e n e r a t io n  i s  r e p r e s e n t e d  by th e  a c t u a l  p l a n t .  The s i m u l a t e d  
m echanica l o u tp u t  to rq u e s  from th e  th e rm a l p la n t  a r e  summed a long  
w ith  a m e a s u re  o f  t h e  r e a l  m e c h a n ic a l  o u t p u t  t o r q u e  f ro m  th e  
h y d ro - tu rb in e .  T h i s  c o m p o s i te  t o r q u e  i s  f e d  i n t o  a r e a l - t i m e  
s im u la t io n  o f  th e  s y s te m  i n e r t i a  an d  l o a d ,  and  th e  r e s u l t a n t  
s im u la te d  f req u en cy  s ig n a l  i s  f e d  back to  th e  gov ern o rs  of a l l  of 
the  g e n e ra t io n  u n i t s ,  both s im u la te d  and r e a l .  In  t h i s  manner th e  
dynamic b e h a v i o u r  o f  th e  h y d r o - g e n e r a t o r  i s  c o u p le d  i n t o  t h e  
s im u la to r ,  a l th o u g h  th e  machine c o n t in u e s  to  supp ly  the  g r id .  This 
scheme i s  an enhancement o f  the  te ch n iq u e  f o r  s im u la t i n g  i s o l a t e d  
o p e ra t io n .
The r e l a t i v e  a m o u n ts  o f  e ac h  g e n e r a t i o n  ty p e  and  th e  
c h a r a c t e r i s t i c s  o f  t h e  i n e r t i a  an d  l o a d  may be a l t e r e d  w i t h  e a s e
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and g e n e r a t io n  e x c e ss  or d e f i c i t  i n c i d e n t s  can be s im u la te d .  The 
d is tu rb a n c e  o f  i n t e r e s t  o f t e n  i n v o l v e s  a g e n e r a t i o n  d e f i c i e n c y  
caused  by a l o s s  o f  g e n e ra t io n .  However, i t  i s  c o n c e p tu a l ly  e a s i e r  
t o  view t h i s  a s  an  i n c r e a s e  i n  load . With an a p p r o p r ia t e  cho ice  of 
p a ram ete rs ,  th e  one ( r e a l )  h y d ro - tu rb in e  can be used to  r e p r e s e n t  
a much l a r g e r  machine or a group of s im i la r ly - g o v e r n e d  m achines 
whose t o t a l  o u tp u t  i s  o f  s ig n i f i c a n c e  to  th e  g r id .
I f  a l a r g e  pumped s to ra g e  scheme w ere to  be b u i l t  i n  S co t la n d  
w ith  g o v e r n o r s  s e t t i n g s  a p p r o p r i a t e  t o  s y s te m  o p e r a t i o n ,  a r e a l  
p o s s i b i l i t y  of i n s t a b i l i t y  would e x i s t  i n  the  even t of i s la n d in g .  
A lthough p r e d i c t i o n s  could  be made u s in g  o f f - l i n e  s im u la t io n ,  no 
o n - l i n e  c o n f i rm a t io n  could  be o b ta in e d  w i th o u t  the  use of a power 
system  s im u la to r .
Novel governor d es ig n s ,  perhaps in te n d e d  f o r  s m a l le r  p la n t  i n  
remote p a r t s  o f  th e  s y s te m ,  can  a l s o  be t h o r o u g h l y  i n v e s t i g a t e d  
w ith  t h i s  equipment.
1 .8  OUTLINE OF THESIS
C hapter 2 w i l l  d e s c r ib e  p r a c t i c a l  a s p e c t s  o f  th e  power system 
s im u la to r  an d  i t s  u se  i n  m ore d e t a i l ,  c o v e r i n g  th e  d i g i t a l  
computer h a r d w a r e  a n d  s o f t w a r e  i m p l e m e n t a t i o n ,  n u m e r i c a l  
i n t e g r a t i o n  m e th o d s  f o r  th e  s i m u l a t i o n  m o d e ls ,  i n t e r f a c i n g  
re q u ire m e n ts  and th e  o n - s i t e  t e s t  procedure.
The m odels used i n  the  s im u la to r  w i l l  be d i s c u s s e d  i n  C hapter 
3 w i t h  p a r t i c u l a r  e m p h a s i s  on t h e  d y n a m ic s  o f  t h e  t h e r m a l  p l a n t  
p ro v id in g  th e  b u lk  o f  t h e  e l e c t r i c i t y  p r o d u c t i o n  i n  th e  UK. 
P a r t i c u l a r  r e f e r e n c e  w i l l  be made to  t h e  m o d e ls  u se d  by t h e  CEGB 
i n  system  resp o n se  s tu d ie s .
P re l im in a ry  t e s t s  o f  the  power system s im u la to r  tech n iq u e  a t  
Loch S lo y  Pow er S t a t i o n  w i l l  be r e p o r t e d  i n  C h a p te r  4 w i t h  th e  
r e s u l t s  o f  bo th  i s o l a t e d  and mixed h y d ro - th e rm a l  system  t e s t s .  The
15
t e s t  s i g n a l  w as  c o u p le d  i n t o  t h e  r e a l  p l a n t  i n  tw o  w ay s :  one by 
d i r e c t  i n j e c t i o n  i n t o  an  e l e c t r o n i c  g o v e r n o r  and  th e  o t h e r  by 
u s in g  th e  speeder motor on a m e c h a n ic a l -h y d ra u l ic  governor.
As the  com plex ity  of the system re sp o n se  t e s t  in c r e a s e s ,  th e  
com p u ta tio n a l  r e s o u r c e s  o f  t h e  b a s i c  c o m p u t e r  h a r d w a r e  
c o n f ig u r a t io n  i s  no lo n g e r  adequa te  to  com plete  n u m erica l  s o lu t i o n  
o f  t h e  m odel e q u a t i o n s  i n  r e a l  t im e .  C h a p te r  5 d e s c r i b e s  t h e  
development o f  a m u l t i p r o c e s s o r  s i m u l a t o r  t o  a l l e v i a t e  t h i s  
problem. The m u l t i p l e  c o m p u te r  c o n f i g u r a t i o n  w as  a l s o  u s e d  to  
p ro v id e  a d d i t i o n a l  i n p u t / o u t p u t  f a c i l i t i e s .
The r e s u l t s  o f  t e s t s  a t  S lo y  u s i n g  a m ore e l a b o r a t e  pow er 
system  m odel a r e  p r e s e n t e d  i n  C h a p te r  6. The b e h a v i o u r  o f  b o th  
double  d e r i v a t i v e  and tem porary  droop g o v ern o rs  was i n v e s t i g a t e d  
i n  a number of power system c o n f ig u r a t io n s  w i th  th e rm a l p la n t  of 
v a r io u s  t y p e s .
Chapter 7 d e s c r i b e s  t h e  a p p l i c a t i o n  o f  th e  t e c h n i q u e  to  
d i e s e l  eng ine  g e n e r a to r s  i n  an i s o l a t e d  power system. P a r t i c u l a r  
problem s a r o s e ,  b e c a u s e  t h e  e n g in e  u n d e r  t e s t  c o n s i t u t e d  a 
s i g n i f i c a n t  p a r t  o f  th e  r e a l  s y s te m .  Some o f  t h e s e  d i f f i c u l t i e s  
w ere o v e rco m e  and  t h e  pow er s y s te m  s i m u l a t o r  w as  u s e d  to  
i n v e s t i g a t e  the behav iour o f  w in d - d ie s e l  power system s.
The pow er s y s te m  s i m u l a t o r  w as  a l s o  u s e d  t o  ex a m in e  th e  
p o t e n t i a l  of e l e c t r o n i c  d e v ic e s  t h a t  could be connected  e a s i l y  to  
e x i s t i n g  h y d r o - t u r b i n e  g o v e r n o r s  and  p r o v id e  an  im p ro v e m e n t  i n  
t h e i r  r e s p o n s e  to  s y s te m  d i s t u r b a n c e s .  C h a p te r  8 l o o k s  a t  th e  
perform ance o f  t h e s e  d e v i c e s  i n  c o m p a r i s o n  w i t h  th e  d o u b le  
d e r i v a t i v e  and tem porary  droop governors.
The o v e r a l l  c o n c lu s io n s  t h a t  can be drawn f r o n  th e  work w i l l  
be p r e s e n t e d  i n  C h a p te r  9 t o g e t h e r  w i t h  r e c o m m e n d a t io n s  f o r  
f u r t h e r  w ork .
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A spec ts  o f  t h e  w o rk  r e p o r t e d  i n  t h i s  t h e s i s  h a v e  b een  
p u b l i sh e d  i n  R e fe re n ces  46, 47 and 48.
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CHAPTER 2
THE POWER SYSTEM SIMULATOR
T his  c h a p t e r  d e s c r i b e s  t h e  i m p le m e n ta t i o n  of th e  r e a l - t i m e  
power s y s t e m  s i m u l a t o r  w i t h  p a r t i c u l a r  a t t e n t i o n  t o  t h e  
a r ran g em en ts  f o r  o n - l i n e  t e s t s  and  t h e  d e s i g n  and  d e v e lo p m e n t  o f  
the  s o f tw a re .  The cho ice  of n u m erica l  i n t e g r a t i o n  method used to  
s o lv e  th e  pow er sy s te m  m odel i n  r e a l - t i m e  i s  a l s o  d i s c u s s e d .  
Development o f  th e  s i m u l a t o r  c o n t i n u e d  th r o u g h o u t  th e  s tu d y  and  
e v o l u t io n  of i t s  hardw are  s t r u c t u r e  and s o f tw a re  o r g a n i s a t io n  took 
p lace  b e tw e e n  s i t e  v i s i t s  and  so th e  t e s t  r e s u l t s  w e re  o b t a i n e d  
w ith  s e v e r a l  d i f f e r e n t  c o n f i g u r a t i o n s .  I n  t h e  f o l l o w i n g  
d e s c r ip t io n ,  r e f e r e n c e  w i l l  g e n e r a l ly  be made to  the  equipm ent i n  
i t s  l a t e r  s ta g e s  o f  development.
The r e a l - t i m e  s i m u l a t i o n  i s  c a r r i e d  o u t  d i g i t a l l y  i n  a 
m icrocom puter s y s te m .  D e s p i t e  i t s  d i g i t a l  n a t u r e ,  th e  s i m u l a t o r  
can be made to  a p p e a r  v e r y  much l i k e  a box o f  t r a d i t i o n a l  l i n e a r  
e l e c t r o n i c s .  H ow ever, th e  u se  o f  a d i g i t a l  s i m u l a t i o n  t e c h n i q u e  
a l lo w s  t h e  d i r e c t  m o d e l l i n g  o f  p r o c e s s  n o n - l i n e a r i t i e s  r e q u i r e d
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f o r  l a r g e - s i g n a l  t e s t s .  I t  a l s o  p ro v id e s  f l e x i b l e  im p le m e n ta t io n  
o f  p la n t  and o p e ra to r  i n t e r f a c e s  w hich can th e n  be ad ap ted  q u ic k ly  
t o  m e e t  c h a n g in g  r e q u i r e m e n t s .  Of c o u r s e ,  b e c a u s e  c o n t i n u o u s  
s i g n a l s  a r e  a p p r o x im a te d  by d i s c r e t e  t i m e  s e r i e s  i n  t h e  d i g i t a l  
im plem en ta tion , th e  in p u t /o u tp u t  d a ta  r a t e  must be f a s t  enough to  
av o id  com prom ising th e  accuracy  of  th e  s im u la t io n .
2 .1  THE SIMULATOR HARDWARE
The r e a l - t i m e  power system  s im u la to r  was c o n s t ru c te d  u s in g  
I n t e l  M u l t i b u s  p r o d u c t s .  The f i r s t  i m p l e m e n t a t i o n s  o f  th e  
s im u la to r  used an  I n t e l  SBC 86/14 s in g l e  board com puter, which i s
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based on t h e  8086 1 6 - b i t  m i c r o p r o c e s s o r .  I n  a d d i t i o n  t o  i t s  
p ro c e s s o r  and  memory, t h i s  b o a rd  c o n t a i n s  p ro g ra m m a b le  d i g i t a l  
i n p u t / o u t p u t  p o r t s  and a d d i t i o n a l  modules expand t h i s  c a p a b i l i t y  
t o  i n c l u d e  a n a l o g - t o - d i g i t a l  (A/D) and  d i g i t a l - t o - a n a l o g  (A/D) 
channel a  The b o a rd  f i t s  i n t o  a r a c k - m o u n t a b l e  c h a s s i s  w i t h  a 
M ultibus  b a c k p l a n e  w h i c h  p e r m i t s  a d d i t i o n a l  s i n g l e  b o a r d  
com puters, memory, and i n p u t / o u t p u t  c a r d s  t o  be i n c l u d e d  a s  
r e q u i re d .  T h is  approach  p ro v id e s  f l e x i b i l i t y  f o r  f u t u r e  expansion.
A c o m p u te r  i n t e n d e d  f o r  r e a l - t i m e  s i m u l a t i o n  w o rk  m u s t  be 
a b le  to  perform  n u m e r i c a l . c a l c u l a t i o n s  a t  h igh  speed. In  the p as t ,  
th e  com p lex ity  o f  th e  m a th e m a tic a l  model used  i n  a s im u la to r  has  
u s u a l ly  b een  l i m i t e d  by f i n i t e  c o m p u t a t i o n a l  s p e e d  r a t h e r  th a n  
sm all  memory s i z e  o r  i n a d e q u a t e  i n t e r f a c i n g  f a c i l i t i e s .  The 
c a p a b i l i t y  o f  t h i s  m icrocom puter  system  was enhanced by f i t t i n g  a 
module c o n t a i n i n g  a n  I n t e l  8087 n u m e r i c  c o - p r o c e s s o r .  T h i s  c h i p  
removes th e  b u rd e n  o f  m a t h e m a t i c a l  c o m p u t a t i o n  f ro m  th e  m a in  
p ro c e s so r  by p e r fo rm in g  f l o a t i n g - p o i n t  o p e r a t io n s  i n  hardw are  w i th  
consequen t s u b s t a n t i a l  speed  im provem ents.
2 .2  THE POWER STATIOH INTERFACE
F ig u re  2.1 sh o w s  i n  d e t a i l  t h e  a r r a n g e m e n t  o f  t h e  s i m u l a t o r  
f o r  o n - l i n e  t e s t a  As w i th  many c o n t ro l  e x p e r im e n ts  on r e a l  p la n t ,  
th e  means adop ted  f o r  t e s t  s ig n a l  i n j e c t i o n  d i c t a t e s  th e  scope of 
i n v e s t i g a t i o n  p o s s i b l e .  I n  t h i s  c a s e ,  t h e  i d e a l  i n j e c t i o n  p o i n t  
f o r  s im u la te d  f req u en cy  d e v i a t i o n  i s  th e  summing j u n c t i o n  where 
th e  h y d ro - tu rb in e  governor com pares  t h e  m a c h in e  f r e q u e n c y  w i t h  
th e  f req u en cy  r e fe re n c e .  An a d d i t i o n a l  e l e c t r i c a l  ana log  in p u t  can 
u s u a l ly  be p rov ided  a t  t h i s  p o in t  i n  an  e l e c t r o n i c  governor.
In  th e  o ld e r  m e c h a n ic a l -h y d ra u l i c  governors ,  i n j e c t i o n  a t  th e  
summing j u n c t i o n  i s  im p r a c t i c a l  because speed  se n s in g  i s  perform ed
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by f l y b a l l  movement which i s  compared m e ch an ic a l ly  w ith  a speed 
r e f e r e n c e  and  u s e d  t o  o p e r a t e  a h y d r a u l i c  p i s t o n .  I n  t h e s e  c a s e s ,  
however, i t  i s  p o s s i b l e  to  p e r fo rm  l i m i t e d  t e s t i n g  u s i n g  th e  
r a i s e / l o w e r  c o n t r o l s  o f  th e  s p e e d e r  m o to r  w h ic h  p o s i t i o n s  th e
f req u en cy  r e f e r e n c e  (a m e c h a n ic a l  co m p o n e n t) .  By m oving  th e
freq u en cy  r e f e r e n c e  i n  th e  o p p o s i t e  s e n s e  t o  th e  s i m u l a t e d
f req u en cy  t r a n s i e n t ,  th e  governor can be p e r tu rb e d  j u s t  a s  i f  the
t e s t  s ig n a l  had been a p p l ie d  d i r e c t l y  to  the summing j u n c t i o a  The 
r a i s e / l o w e r  c o n t r o l s  n o r m a l ly  d r i v e  a d. c s h u n t  m o to r  and so th e  
r a t e  o f  m ovem ent s h o u ld  be i n d e p e n d e n t  o f  th e  t o r q u e  l o a d  on th e  
motor. The speeder  motor can, t h e r e f o r e ,  be ex p ec ted  to  i n t e g r a t e  
th e  r a i s e  and lo w er  p u l s e s  q u i t e  a c c u r a te ly .  V ar io u s  e x p e r im e n ts  
show th a t ,  i n  p r a c t i c e ,  t h i s  i s  th e  case. T h is  i n j e c t i o n  te ch n iq u e  
i s  e s t a b l i s h e d  by c o n t r o l l i n g  the  r a i s e / l o w e r  i n t e r p o s i n g  r e l a y s  
from an a d d i t i o n a l  r e l a y  box c o n n e c t e d  t o  a d i g i t a l  I /O  p o r t  on 
the  s im u la to r .  The i n j e c t i o n  s ig n a l  can be d i s a b le d  q u i t e  sim ply  
by u n p lu g g i n g  t h e  240V a .c .  s u p p ly  to  t h i s  box. I n  F i g u r e  2 .1 ,  th e  
a v a i l a b i l i t y  of two i n j e c t i o n  te c h n iq u e s  i s  n o t i o n a l l y  i n d i c a t e d  
w ith  a s w i t c h .
P ro v id in g  t h e  m e a s u re m e n t  o f  t u r b i n e  m e c h a n ic a l  t o r q u e  
r e q u i r e d  by th e  s i m u l a t o r  g e n e r a l l y  p r e s e n t s  l e s s  o f  a p ro b lem . 
The a l t e r n a t o r  a t t a c h e d  t o  t h e  h y d ro  t u r b i n e  i s  n o r m a l ly  g r i d -  
connec ted  an d  h e n c e  r u n n i n g  a t  n e a r  c o n s t a n t  sp eed .  A m e a s u re  o f  
i t s  e l e c t r i c a l  o u t p u t  p o w e r ,  t h e r e f o r e ,  p r o v i d e s  a g ood  
r e p r e s e n t a t i o n  o f  t h e  m e c h a n ic a l  t o r q u e  s u p p l i e d  by th e  t u r b i n e .  
When th e  e l e c t r i c a l  o u tp u t  power i s  measured, i t  i s  im p o r ta n t  to  
m inim ise  the  l a g  a s s o c i a t e d  w i th  power t r a n s d u c e r  f i l t e r i n g  so the 
* two-wattmeter* method of  th re e -p h a s e  power measurement w i th  i t s  
i n h e r e n t l y  f a s t  r e sp o n se  i s  d e s i r a b l e .  S u i t a b le  d i g i t a l  f i l t e r i n g
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i s  a p p l i e d  t o  t h e  pow er m e a su re m e n t  i n  t h e  s i m u l a t o r  to  g u a rd  
a g a i n s t  th e  e f f e c t s  o f  e l e c t r i c a l  n o i s e .  At th e  s t a r t  o f  a 
s im u la to r  ru n ,  a r e a d i n g  o f  th e  g e n e r a t o r  pow er o u t p u t  m e te r  i s  
s u p p l ie d  by th e  o p e r a t o r .  T h i s  i s  u sed  by th e  s i m u l a t o r  t o  
c a l i b r a t e  th e  g e n e ra to r  power o u tp u t  s ig n a l .
2 .3  CORRECTION FOR GRID FREQUENCY DEVIATIONS DURING A TEST
In  both of the  s ig n a l  i n j e c t i o n  te c h n iq u e s ,  th e  r e a l  machine 
speed s ig n a l  re m a in s  connected  to  the governor. T h is  i s  n ecessa ry  
to  e n s u r e  t h a t  p r o p e r  c o n t r o l  o f  th e  t u r b i n e  can  be m a i n t a i n e d .  
The p l a n t  u n d e r  t e s t  can  be i m m e d i a t e l y  r e t u r n e d  t o  i t s  n o rm a l  
o p e r a t io n a l  mode sim ply  by rem oving th e  s im u la te d  f requency  from 
the  g o v e r n o r .  H ow ever, t h i s  a r r a n g e m e n t  a l s o  m eans t h a t  th e  
tu r b in e  and  g o v e r n o r  u n d e r  t e s t  w i l l  r e s p o n d  t o  g e n u in e  g r i d  
f req u en cy  v a r i a t i o n s  because the g e n e ra to r  i s  sy n ch ro n ised  to  the 
g r id .  However, th e  e f f e c t s  can be n u l l i f i e d  by m easuring  th e  r e a l  
g r i d  f r e q u e n c y  and  th e n  o f f s e t t i n g  th e  s i m u l a t e d  f r e q u e n c y  
d e v i a t i o n  i n  th e  a p p r o p r ia t e  d i r e c t i o n .  In  o rd e r  to  r e t a i n  c o n t ro l  
of tu r b in e  speed i f  abnorm al c o n d i t io n s  a r i s e ,  t h i s  c o r r e c t i o n  i s  
on ly  a p p l i e d  i f  t h e  g r i d  f r e q u e n c y  s t a y s  w i t h i n  t h e  n o rm al 
o p e r a t io n a l  l i m i t s  o f  49.8 t o  50.2Hz.
To o b t a i n  a m e a s u r e  o f  t h e  g r i d  f r e q u e n c y  f o r  t h i s  
c o r r e c t io n ,  a squared -up  g r id  v o l t a g e  waveform i s  used to  g e n e ra te  
i n t e r r u p t s  i n  th e  s im u la to r ,  and th e s e  cause th e  program to  read  a 
d i g i t a l  co u n te r  i n  the com puter ru n n in g  a t  1.2288MHz. A number of 
such re a d in g s  a r e  averaged  i n  o rd e r  to  reduce  th e  e f f e c t s  o f  mains 
waveform d i s t o r t i o n  and n o is e  r e s u l t i n g  from s l i g h t  v a r i a t i o n  i n  
th e  i n t e r r u p t  r e s p o n s e  t i m e  o f  t h e  m i c r o p r o c e s s o r .  The i n p u t  
v o l t a g e  waveform i s  ta k en  from any co n v en ien t  240V a.c. o u t l e t .  I t  
i s  e s s e n t i a l  t h a t  t h e  s q u a r e  w ave s i g n a l  i s  a p p l i e d  th r o u g h  a
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m onostable  because m u l t i p l e  c r o s s - o v e r s  occur q u i t e  f r e q u e n t ly  due 
to  s w i t c h i n g  g l i t c h e s  and  o t h e r  e l e c t r i c a l  n o i s e .  The i n t e r r u p t  
c o n t r o l l e r  on t h e  s i n g l e  b o a rd  c o m p u te r  i s  q u i t e  u n a b l e  to  cope 
w ith  tw o i n t e r r u p t s  i n  r a p i d  s u c c e s s i o n  on th e  same c h a n n e l  
w i th o u t  suspend ing  o p e r a t io n  o f  the  main program. The m onostab le  
e n s u re s  t h a t  only  one t r i g g e r i n g  t r a n s i t i o n  per c y c le  i s  a p p l ie d  
to  th e  i n t e r r u p t  in p u t .
2 .4  THE OPERATOR INTERFACE
The m ain  p ro c e sso r  board i n  th e  s im u la to r  was i n t e r f a c e d  v i a  
two 8 - b i t  p a r a l l e l  i n p u t /o u tp u t  ch an n e ls  t o  a BBC M icrocomputer. 
T h is  c o m p u te r  w i t h  i t s  s c r e e n  and  k e y b o a rd  i s  e m p lo y e d  a s  an  
i n t e l l i g e n t  t e rm in a l  to  p e rm i t  the s e l e c t i o n  of model p a ra m e te rs  
and c o n f i g u r a t i o n s  b e f o r e  e x e c u t i n g  a s i m u l a t i o n .  T h i s  a p p ro a c h  
was found to  c o n t r ib u te  s i g n i f i c a n t l y  to  s e c u r i t y  of o p e r a t i o a  In  
c o n t r a s t  to  an a r rangem en t based on p o te n t io m e te r s  and s w i tc h e s ,  
the  o p e r a t o r  i s  f o r c e d  by t e r m i n a l  p r o m p ts  t o  c o n s i d e r  t e s t  
o p t io n s  and  c o n t r o l s  i n  a s e q u e n t i a l  m anner  and  t h e  r i s k  o f  
o v e r s ig h t  i s  c o n s i d e r a b l y  r e d u c e d .  The s e l e c t e d  p a r a m e t e r s  a r e  
a u to m a t i c a l ly  s t o r e d  on f l o p p y  d i s k  f o r  s u b s e q u e n t  r e t r i e v a l  and 
p r i n t i n g  t o  make a p e rm a n e n t  r e c o r d  o f  t h e  v a l u e s  u s e d  i n  a l l  o f  
th e  t e s t s .
Once th e  s im u la t io n  i s  runn ing ,  th e  BBC m icrocom puter  i s  used 
t o  m o n ito r  and d is p la y  g r a p h ic a l l y  the  an a lo g  s ig n a l  c o n n ec tio n s  
between t h e  s i m u l a t o r  and  t h e  r e a l  p l a n t .  The c o m p u t e r s  s c r e e n  
shows th e  s e l e c t e d  s i g n a l  a s  a s l o w - s p e e d  t r a c e  r a t h e r  a k i n  to  
t h a t  o f  an u l t r a - v i o l e t  r e c o rd e r .  A chosen  s ig n a l  can be d is p la y e d  
i n  r e a l - t i m e  a s  a t e s t  p r o g r e s s e s  and  t h i s  w as  fo u n d  t o  be v e r y  
u s e fu l .  The t i m e  s c a l e  o f  t h e  d i s p l a y  c a n  be a l t e r e d  and  once  th e  
t r a c e  r e a c h e s  t h e  r i g h t  hand  s i d e  o f  th e  s c r e e n ,  i t  can  be
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r e s t a r t e d  a t  t h e  l e f t  hand  s i d e .  A p e rm a n e n t  r e c o r d  o f  t e s t s  i s  
made s e p a r a t e l y  a s  d e s c r i b e d  i n  S e c t i o n  2.6. T h is  d i s p l a y  s y s te m  
i s  a l s o  a p o w e r f u l  t o o l  i n  t h e  d e v e lo p m e n t  and  s e t - u p  s t a g e s  
because  i t  can  be u se d  t o  e x a m in e  any s i g n a l  t h a t  can  be a p p l i e d  
to  i t s  A/D c o n v e r te r .
2 .5  THE TEST PROCEDURE
I t  i s  i m p o r t a n t  t o  a c h i e v e  a ’ b u m p - l e s s ’ t r a n s i t i o n  o f  th e  
tu r b i n e  f ro m  n o rm a l  t o  s i m u l a t o r - c o n n e c t e d  r u n n in g .  T h i s  i s  
s t r a i g h t f o r w a r d  w i t h  c o m p u te r - b a s e d  t e s t  e q u ip m e n t .  O p e r a t i n g  
p o in t s  f o r  th e  i n t e r n a l l y  r e p r e s e n t e d  g e n e r a t i o n  b lo c k s  a r e  
s e l e c t e d  d u r i n g  t h e  s i m u l a t o r  i n i t i a l i s a t i o n  d i a l o g u e  and th e  
h y d r o - e l e c t r i c  g e n e r a t o r  i s  s e t  a t  a s u i t a b l e  l o a d i n g  f rom  th e  
c o n t ro l  room desk .  The s i m u l a t o r  can  be made a c t i v e  a t  any t im e  
t h e r e a f t e r  by p r e s s in g  a p a r t i c u l a r  key on the o p e ra to r  te rm in a l .  
The s o f tw a re  a u t o m a t i c a l ly  s e t s  th e  i n i t i a l  consumer demand equal 
to  the  w e ig h ted  sum of the s im u la te d  and r e a l  g e n e ra to r  o u tp u ts .  
In  t h i s  way, th e  s im u la to r  i n i t i a l  c o n d i t io n s  a r e  matched to  th e  
o p e r a t in g  p o in t  of the  r e a l  p la n t .
Once t h e  s i m u l a t o r  h a s  b een  s t a r t e d ,  i t  i s  u s u a l  to  a l lo w  
tim e f o r  the  c lo se d  lo o p  system c o m p ris in g  the  r e a l  and s im u la te d  
p la n t  t o  s e t t l e ,  s i n c e  i t  i s  r a r e  f o r  t h e  h y d r o - t u r b i n e  to  be 
e x a c t ly  i n  a s tead y  s t a t e  when s im u la to r  o p e r a t io n  i s  i n i t i a t e d .  
The c o m p l e t e  s y s t e m  c a n  t h e n  be p e r t u r b e d  u s i n g  d em an d  
t r a j e c t o r i e s  of a p r e s e l e c t e d  form and magnitude. These com puter­
g e n e ra te d  p e r t u r b a t i o n s  a r e  t r i g g e r e d  by o p e r a t i n g  a  s im p l e  
d i g i t a l  s w i tc h  connec ted  to  the  s im u la to r .
I t  i s  u s e f u l  t o  i n t e r p o s e  a p o t e n t i o m e t e r  b e tw e e n  th e  
s im u la to r  o u t p u t  an d  th e  g o v e r n o r  t e s t  i n p u t .  T h is  can  be u s e d  t o  
remove a s ta n d in g  t e s t  s ig n a l  r e tu r n i n g  th e  tu rb in e  to  i t s  i n i t i a l
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o p e r a t in g  p o in t  i n  a g rad u a l  fa sh io n .  In  th e  even t of a f a i l u r e  of 
the  s im u la to r  system , t h i s  dev ice  can be v e ry  u se fu l .
I f  speeder motor i n j e c t i o n  i s  employed to  c a r ry  ou t t e s t s  on 
a  m e c h a n i c a l - h y d r a u l i c  g o v e r n o r ,  t h e  maximum r a t e  o f  g o v e r n o r  
r e f e r e n c e  m ovem ent i s  g e n e r a l l y  to o  s low  to  r e p r o d u c e  th e  
f req u en cy  swing caused by an in s ta n ta n e o u s  demand s tep . However, 
by a p p l y i n g  t h e  p e r t u r b a t i o n  a t  a f i n i t e  r a t e ,  i t  i s  p o s s i b l e  to  
o b ta in  a c c u r a te  t e s t  r e s p o n s e a  I n i t i a l l y ,  a l i n e a r  in c r e a s e  from 
i n i t i a l  to  f i n a l  demand was used f o r  t h i s  purpose. This  t r a j e c t o r y  
was n o t  e n t i r e l y  s a t i s f a c t o r y  b e c a u s e  i t  c o n t a i n s  tw o  
d i s c o n t i n u i t i e s  and th e  re sp o n se  to  th e  second i s  superim posed  on 
t h a t  o f  t h e  f i r s t  w h ic h  r e s u l t s  i n  a c o n f u s e d  p i c t u r e .  A s i m p l e r  
form o f  f i n i t e  r a t e  t r a n s i e n t  can  be o b t a i n e d  by p a s s i n g  a s t e p  
th rough  a f i r s t  o rd e r  la g .  T h is  type of p e r tu r b a t io n  p roduces  more 
e a s i l y  c h a r a c t e r i s e d  re sp o n s e s  and i s  p robably  more r e p r e s e n t a t i v e  
of a c t u a l  lo a d in g  d isu rb an ce s .
2 .6  DATA ACQUISITION
D uring t e s t  ru n s ,  s i g n a l s  o f  i n t e r e s t  a r e  p re s e n te d  a s  ana log  
v o l t a g e s  t o  a c o m p u te r - b a s e d  d a t a  a c q u i s i t i o n  s y s te m  b a s e d  on a 
g e n e ra l -p u rp o s e  m icrocom puter  f i t t e d  w i th  1 2 - b i t  a n a lo g - to  d i g i t a l  
c o n v e rs io n  hardw are , where they a r e  re c o rd e d  i n  a d i g i t a l  form. In  
t h e  e a r ly  s ta g e s  o f  th e  p r o j e c t ,  a V ec to r  G raph ic  MZ was used but 
t h i s  w as  l a t e r  r e p l a c e d  by a n  IBM PC, a l l o w i n g  f a s t e r  s a m p l in g  
r a t e s ,  l o n g e r  l o g g i n g  t i m e s  and  some f i l t e r i n g  o f  t h e  i n p u t  
s ig n a l s .  The p r o v i s i o n  o f  d a t a  a c q u i s i t i o n  f a c i l i t i e s  w a s  
m a in ta in e d  by Dr H. D av ie  and  Dr M. M acau lay .
The lo g g e d  d a t a  a r e  s t o r e d  on f l o p p y  d i s k s  an d  s u b s e q u e n t l y  
p l o t t e d  u s i n g  t h e  c o m p u te r .  The use  o f  a c o m p u te r - b a s e d  l o g g i n g  
system  o f f e r e d  v a r io u s  a d v a n ta g e s  i n  t h a t  the  p lo t t e d  d a ta  can be
24
s c a le d  r e a d i l y  i n  both v o l t a g e  and t im e  axes  a l lo w in g  s e c t i o n s  of 
th e  r e c o r d e d  s i g n a l  t o  be e x p a n d e d  f o r  d e t a i l e d  e x a m in a t io n .  
D u p l ic a te  c o p ie s  o f  th e  logged  d a ta  can a l s o  be made e a s i l y .
The u se  o f  a d a t a  l o g g e r  w i t h  a n a l o g  i n p u t s  i s  n o t  e n t i r e l y  
s a t i s f a c t o r y  b e c a u s e  some o f  t h e  s i g n a l s  r e c o r d e d  a r e  a l r e a d y  
a v a i l a b l e  a s  d i g i t a l  q u a n t i t i e s  w i t h i n  th e  s i m u l a t o r  w h ic h  
m easures  them f o r  i t s  own purposes, ta k in g  th e  average  of a number 
of sample a  In  o rd e r  t h a t  th e s e  q u a n t i t i e s  can be reco rd ed  by the  
lo g g e r ,  th e y  a r e  once a g a i n  c o n v e r t e d  t o  a n a l o g  v o l t a g e s  and 
s u b je c te d  to  a no isy  environm ent. A more s a t i s f a c t o r y  a rrangem en t 
would in c o r p o r a te  a d i r e c t  d i g i t a l  c o n n e c t io n  betw een th e  lo g g e r  
and the s im u la to r  a l lo w in g  such s i g n a l s  to  be re c o rd e d  w i th o u t  any 
unnecessa ry  i n t e r c o n v e r s i o n s ,  s a v i n g  on e x e c u t i o n  t i m e  and 
av o id in g  t h e  i n g r e s s  o f  n o i s e .  I n  f a c t ,  i f  s u f f i c i e n t l y  p o w e r f u l  
hardw are  w as  a v a i l a b l e ,  a f u l l y  d e v e lo p e d  fo rm  o f  t h e  e q u ip m e n t  
would perform  both  f u n c t i o n s  on the same computer.
2 .7  SOFTWARE FOR REAL-TIME SIMULATION
I t  i s  u n f o r t u n a t e  t h a t  t h e  a d j e c t i v e  ' r e a l - t i m e '  i s  
f r e q u e n t ly  u s e d  t o  d e s c r i b e  c o m p u te r  s y s t e m s  t h a t  a r e  n o t  i n  any 
way s y n c h r o n i s e d  to  p h y s i c a l  t i m e ;  r a t h e r ,  t h e s e  c o m p u te r s  a r e  
' i n t e r a c t i v e ' ,  h a v in g  a r e s p o n s e  s u f f i c i e n t l y  f a s t  t h a t  th e y  may 
o p e ra te  o n - l i n e  and s e r v ic e  t h e i r  u s e r ' s  r e q u e s t  w i th  re a s o n a b le  
speed. The ' r e a l - t i m e '  n a t u r e  o f  t h e  pow er sy s te m  s i m u l a t o r  i s  
q u i t e  d i f f e r e n t .  The com p lex ity  o f  a  g e n e ra l  purpose  m u l t i - t a s k i n g  
o p e r a t in g  s y s te m  l i k e  RMX^® i s  n o t  r e q u i r e d  and  an  i n t e r r u p t  
s u b ro u t in e  an d  a few  l i n e s  o f  code  i n  t h e  m a in  s i m u l a t o r  p rog ram  
a r e  s u f f i c i e n t  t o  a c h i e v e  s y n c h r o n i s a t i o n  w i t h  r e a l  t i m e  and 
c o n t ro l  th e  o p e r a t i o n  o f  t h e  e q u ip m e n t .  F i g u r e  2.2 o u t l i n e s  th e  
s t r u c t u r e  of th e  s o f tw a re  f o r  the  s im u la to r .
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The d y n am ic  m odel s o l u t i o n  co m p u ted  by th e  pow er s y s te m  
s im u la to r  must be produced i n  synchronism  w i th  p h y s ic a l  tim e. To 
a c h ie v e  t h i s ,  a hardw are  c o u n t e r / t i m e r  o p e ra t in g  from a 153.6kHz 
c lo c k  i s  used to  g e n e ra te  p ro c e s s o r  i n t e r r u p t s  a t  a s p e c i f i e d  r a t e  
(600Hz). The su b ro u t in e  which h a n d le s  th e se  i n t e r r u p t s  m a in ta in s  a 
count o f  th e  num ber o f  t i m e s  i t  h a s  been  c a l l e d .  I n  o r d e r  t o  
p ro v id e  f i l t e r i n g  o f  th e  t u r b i n e  pow er o u t p u t  m e a s u re m e n t ,  th e  
s u b ro u t in e  a l s o  o b t a i n s  a n  A/D c o n v e r s i o n  v a l u e  f r o m  t h e  
a p p r o p r i a t e  channel and adds i t  to  an  i n t e g e r  sum of th e se  v a lu es .  
When th e  s p e c i f i e d  num ber o f  i n t e r r u p t s  h av e  o c c u r r e d  (30 f o r  an  
i n t e g r a t i o n  i n t e r v a l  o f  0 .0 5 s ) ,  a f l a g  i s  s e t  by t h e  s u b r o u t i n e  
and th e  c o u n t  o f  c l o c k  i n t e r v a l s  i s  r e s e t  t o  z e r o .  The m a in  
program r e m a i n s  i n  a w a i t i n g  l o o p  u n t i l  i t  f i n d s  t h a t  t h i s  f l a g  
has  b een  s e t .  I t  t h e n  c a l c u l a t e s  a n  a v e r a g e  v a l u e  o f  t u r b i n e  
o u tp u t  f ro m  th e  i n t e g e r  sum o f  th e  A/D v a l u e s  and  p e r f o r m s  one 
s t e p  of the s im u la t i o n  procedure. The s im u la te d  system  frequency  
s ig n a l  to  be i n j e c t e d  and  o t h e r  s i g n a l s  t o  be r e c o r d e d  a r e  th e n  
w r i t t e n  to  the  a p p r o p r ia te  D/A channel & F in a l ly ,  the  t im in g  f l a g  
i s  r e s e t  and th e  m ain  program r e t u r n s  to  th e  w a i t i n g  loop .
A s e c o n d  i n t e r r u p t  h a n d l e r  a c t i v a t e d  by th e  a .c .  s u p p ly  
c r o s s -o v e r  s ig n a l  o b ta in s  v a lu e s  from th e  1.2288MHz t im e r  f o r  g r id  
f requency  measurement. These v a lu e s  a r e  w r i t t e n  to  a c i r c u l a t i n g  
b u f f e r  and a r e  t h e n  u se d  by t h e  m a in  p rog ram  to  c a l c u l a t e  an  
averaged  g r i d  f r e q u e n c y  v a l u e .  The c r o s s - o v e r  i n t e r r u p t  h a s  a 
h ig h e r  p r i o r i t y  t h a n  t h e  r e a l - t i m e  s y n c h r o n i s a t i o n  i n t e r r u p t  to  
m in im ise  v a r i a t i o n  i n  the d e lay  betw een the c ro s s -o v e r  i t s e l f  and 
th e  p o in t  a t  w hich the  t im e r  i s  a c t u a l l y  read.
I n t e r r u p t s  o f  b o th  ty p e s  c o n t i n u e  to  o c c u r  t h r o u g h o u t  th e  
e x e c u t io n  o f  one s t e p  o f  th e  m a in  p ro g ram . To a v o i d  c o r r u p t i o n ,
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th e  p r o c e s s o r  i n t e r r u p t s  m u s t  be t e m p o r a r i l y  d i s a b l e d  w hen t h e  
main p ro g ram  a c c e s s e s  t h e  v a l u e s  t h a t  a r e  o b t a i n e d  by th e  
i n t e r r u p t  s u b r o u t i n e s .  The i n t e r r u p t  h a n d l e r s  a r e  r e s t r i c t e d  t o  
i n t e g e r  a r i t h m e t i c  so t h a t  use of th e  8087 num eric  c o p ro ce sso r  i s  
avoided. There i s  th e n  no danger of p rob lem s w i th  th e  8087 such as 
overf low  o f  th e  i n t e r n a l  s t a c k  i n  t h e  e v e n t  o f  two n e s t e d  
i n t e r r u p t s .
2 .8  SOFTWARE DEVELOPMENT FACILITIES
In  th e  e a r ly  s ta g e s  o f  th e  p r o j e c t ,  s o f tw a re  developm ent was 
c a r r i e d  ou t on an  I n t e l  M ic ro p ro cesso r  Development System (MDS). 
T h is  p ro c e ss  was l a t e r  t r a n s f e r r e d  to  an  IBM PC AT whioh o f f e r e d  
c o n s id e ra b ly  reduced  c o m p i la t io n  t im e s  through the  use o f  i t s  hard  
d isk . The programming language  used was an I n t e l  im p le m e n ta t io n  of 
F o r t r a n  s p e c i f i c a l l y  in te n d e d  f o r  s ta n d -a lo n e  system  development. 
I t  p r o v i d e s  a d d i t i o n a l  p r o c e d u r e s  t o  h a n d l e  p e r i p h e r a l  d e v i c e s  
such a s  i n p u t / o u t p u t  p o r t s ,  t i m e r s  and  i n t e r r u p t  c o n t r o l l e r s .  
Using t h i s  c o m p i l e r ,  i t  i s  a l s o  p o s s i b l e  t o  d e a l  w i t h  p r o c e s s o r  
i n t e r r u p t s  e n t i r e l y  w i t h i n  t h e  h i g h - l e v e l  l a n g u a g e .  T h i s  m e a n t  
t h a t  lo w - le v e l  assem bly  language programming w as only  used  f o r  a 
few s p e c ia l - p u r p o s e  r o u t i n e s  where p r e c i s e  h a n d l in g  of i n d i v id u a l  
d a ta  b i t s  i s  r e q u i r e d  o r  w here  p a r t i c u l a r  c o n t ro l  of th e  p ro c e sso r  
i t s e l f  i s  im p o r ta n t .
The p ro g ram  t o  be t e s t e d  c a n  be 1 d o w n - l i n e  l o a d e d 1 from  th e  
MDS t o  th e  t a r g e t  s y s t e m ,  i n  t h i s  c a s e  t h e  8 6 /1 4 ,  v i a  a s e r i a l  
i n t e r f a c e  and th e n  debugged u s in g  th e  r a t h e r  p r i m i t i v e  f a c i l i t i e s  
o f  a machine code m on ito r .  A l t e r n a t iv e ly ,  an i n - c i r c u i t  e m u la to r  
(ICE) may be u s e d  t o  p r o v id e  a c o n s i d e r a b l y  m ore p o w e r f u l  
debugging f a c i l i t y .  For example, the  e m u la to r  m a in ta in s  a t r a c e  o f  
th e  i n s t r u c t i o n s  an d  d a t a  t h a t  h a v e  b een  p r o c e s s e d .  I t  a l s o
27
p ro v id e s  d e t a i l s  o f  any i n t e r r u p t s  r e c e iv e d  by th e  m ic ro p ro cesso r .  
The e m u l a t i o n  can  be s to p p e d  a t  th e  p r e s s  o f  a key and  so a 
program t h a t  i s  o p e r a t i n g  i n c o r r e c t l y  can  be c a u g h t  a t  th e  
p a r t i c u l a r  t im e  when i t s  e x e c u t io n  s t a r t s  to  go wrong. E xam ina tion  
o f  t h e  t r a c e  i n f o r m a t i o n  c o u p le d  w i t h  th e  u se  o f  t h e  o t h e r  ICE 
f a c i l i t i e s  w i l l  o f t e n  r e v e a l  the n a tu re  o f  th e  f a u l t .
The f i n a l  v e r s i o n  o f  th e  m a c h in e  code f o r  a p a r t i c u l a r  
s im u la to r  i s  n o r m a l ly  s t o r e d  i n  e r a s a b l e  p ro g ra m m a b le  r e a d  o n ly  
memory (EPROM) c h ip s  which a r e  i n s t a l l e d  i n  s o c k e ts  on th e  s in g le  
board c o m p u te r .  O p e r a t i o n  o f  th e  c o m p u te r  r e s e t  b u t t o n  i s  th e n  
s u f f i c i e n t  t o  s e t  t h e  p ro g ram  ru n n in g .  T h i s  m eans  t h a t  t h e  
s im u la to r  i s  a s t a n d - a l o n e  s y s te m  w i t h  no n eed  f o r  f lo p p y  d i s k  
s to r a g e  o r  k e y b o a rd  i n p u t  t o  l o a d  and ru n  i t s  s o f t w a r e .  T h i s  i s  a 
c o n s id e ra b le  a d v a n t a g e  w hen th e  e q u ip m e n t  i s  u s e d  f o r  r e a l  p l a n t  
t e s t s .
Although th e  s im u la to r  s o f tw a re  i s  developed and debugged i n  
th e  l a b o r a to r y ,  e x p e r ie n c e  has  shown t h a t  l i m i t e d  r e v i s i o n s  may be 
r e q u i r e d  o n - s i t e .  The I n t e l  MDS i s  n o t  r e a d i l y  t r a n s p o r t a b l e  and  
so a n  IBM PC i s  n o r m a l l y  t a k e n  o n - s i t e  t o  p e r m i t  s u ch  r e v i s i o n s .  
No ICE f a c i l i t i e s  a r e  e m p lo y e d  w i t h  t h i s  s y s te m  so d e b u g g in g  
f a c i l i t i e s  a r e  r e s t r i c t e d  to  th e  machine code m o n i to r  in c o rp o ra te d  
i n  th e  dow n-line  lo a d e r .
2 .9  METHODS OF NUMERICAL INTEGRATION
Due c o n s id e r a t io n  was g iv e n  to  th e  s e l e c t i o n  o f  the  n um erica l 
i n t e g r a t i o n  m e th o d  u se d  to  s o lv e  th e  pow er s y s te m  m o d e ls  i n  t h e  
s im u la to r .  A s y s te m  r e s p o n s e  s i m u l a t i o n  i s  an  i n i t i a l  v a l u e  
problem i n  a system  of o rd in a ry  d i f f e r e n t i a l  e q u a t io n s  and th e re  
i s  a v a i l a b l e  a w e a l t h  o f  p u b l i s h e d  w o rk  on p o s s i b l e  n u m e r i c a l  
i n t e g r a t i o n  t e c h n i q u e s ,  s e e ,  f o r  e x a m p le  R e f e r e n c e s  51 f 52, 53»
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54, 55 and 56. However, few a u th o rs  m en tion  r e a l - t i m e  a p p l i c a t i o n s  
where t h e  r e q u i r e m e n t s  a r e  r a t h e r  d i f f e r e n t .  I n d e e d ,  many 
i n t e g r a t i o n  m e th o d s  e x i s t  w h ic h  a l lo w  a s y s te m  to  be s i m u l a t e d  
very  a c c u r a t e l y  and  e f f i c i e n t l y ,  b u t  many o f  t h e s e  a r e  o n ly  
s u i t a b l e  f o r  use i n  non r e a l - t i m e  or ’o f f - l i n e 1 a p p l i c a t io n s .
A n u m e r i c a l  i n t e g r a t i o n  t e c h n i q u e  u s e d  i n  a r e a l - t i m e  
s im u la to r  must be a b le  to  cope w i th  d is c o n t in u o u s  i n p u t s  and model 
n o n - l i n e a r i t i e s  and i t  must p rov ide  a model s o lu t i o n  which can be 
made to  p r o c e e d  i n  s y n c h ro n is m  w i t h  t h e  o u t s i d e  w o r ld .  A b s o lu te  
accu racy  i s  n o t  th e  p r im e  c o n s i d e r a t i o n  b e c a u s e  o f  l i m i t e d  
measurement accuracy  and th e  f i n i t e  ( 1 2 - b i t )  r e s o l u t i o n  of th e  A/D 
and D/A c o n v e r to rs .
The ease  of im p le m e n ta t io n  o f  th e  E u le r  method i s  an a lm o s t  
o v e r - r i d i n g  c o n s i d e r a t i o n ,  b u t ,  i n  f a c t ,  t h e r e  a r e  o t h e r  sound 
r e a s o n s  why t h i s  a lg o r i th m  should  be used.
2.9*1 Review o f  th e  M ethods A v a ila b le
A number of i n t e g r a t i o n  te c h n iq u e s  a c h ie v e  h igh  perform ance 
i n  o f f - l i n e  s i m u l a t i o n  by a d a p t i n g  t h e i r  i n t e g r a t i o n  i n t e r v a l  
a c c o rd in g  t o  t h e  n eed s  o f  t h e  s o l u t i o n  a s  i t  p r o g r e s s e s .  These 
v a r i a b l e - s t e p  methods p rov ide  a com plete  problem s o lu t i o n  i n  the 
minimum c o m p u t a t i o n  t i m e  b u t  may be v e r y  s low  a t  some s t a g e s ,  
p a r t i c u l a r l y  i n  th e  r e g i o n  o f  d i s c o n t i n u i t i e s  w h e re  r e p e a t e d  
r e d u c t io n  o f  t h e  s t e p  s i z e  i s  n e c e s s a r y .  T h i s  m a k e s  th e m  
u n s u i t a b l e  f o r  a s im u la t i o n  w hich  must p roceed  i n  synchronism  w i th  
r e a l  t im e .
Numerical i n t e g r a t i o n  m e th o d s  o f  f i x e d  (and  v a r i a b l e )  s t e p  
l e n g t h  may be d i v i d e d  i n t o  t h o s e  w h ic h  o p e r a t e  on i n f o r m a t i o n  
a v a i l a b l e  i n  t h e  c u r r e n t  i n t e g r a t i o n  i n t e r v a l ,  t h e  s i n g l e - s t e p  
methods, and th o se  which draw on in f o r m a t io n  a v a i l a b l e  i n  p rev io u s
29
i n t e r v a l s  a s  w e l l .  The se c o n d  g ro u p ,  t h e  m u l t i  p i e - s t e p  m e th o d s ,
a re  e f f i c i e n t  i n ’ sm o o th ' p r o b le m s  w h e re  d e r i v a t i v e  e v a l u a t i o n s
56a r e  c o m p u t a t i o n a l l y  e x p e n s iv e  , b u t  th e y  have  d i f f i c u l t y  w i th  
51d i s c o n t i n u i t i e s ^  and a re ,  th e r e f o r e ,  no t as  s u i t a b l e  f o r  use i n  a
r e a l - t i m e  s i m u l a t o r  w h e re  t h e  i n p u t s  a r e  n o t  sm ooth . P r e d i c t o r -
54 55 56c o r r e c t o r  a lg o r i th m s  a r e  i n  t h i s  ca tego ry .
A f u r t h e r  c l a s s i f i c a t i o n  can be made i n t o  methods o f  e x p l i c i t
form  w h e re  a c a l c u l a t i o n  s t a g e  d ra w s  o n ly  on n u m e r i c a l  v a l u e s
formed i n  p r e v i o u s  s t a g e s  and  i m p l i c i t  m e th o d s  w h e re  t h i s
r e s t r i c t i o n  i s  r e l a x e d .  The b a c k w a rd  E u l e r  and  t r a p e z o i d a l  r u l e
a r e  i m p l i c i t  methods o f  f i r s t  and second o rd e r  r e s p e c t iv e l y .  The
t r a p e z o id a l  r u l e ,  i n  p a r t i c u l a r  h a s  b een  w i d e l y  u s e d  i n  pow er 
57 58 5Q 60system  s t u d i e s .  * * *' These  m e th o d s  a r e  u n c o n d i t i o n a l l y
56 61s t a b l e  f o r  p o le s  i n  the  l e f t  hand h a l f  o f  the  complex p lane ,  *
bu t th e y  r e q u i r e  an  i t e r a t i v e  s o l u t i o n .  To a v o i d  t h i s ,  t h e
d i f f e r e n t i a l  e q u a t i o n s  can  be i n c o r p o r a t e d  i n  t h e  i n t e g r a t i o n
a lg o r i th m ,  b u t ,  f o r  n o n - l i n e a r  s y s t e m s ,  t h i s  i s  aw kw ard  t o  c a r r y
o u t  and no t a lw ays  s u c c e s s fu l .  S t a t e  v a r i a b l e  l i m i t s  a r e  a l s o  more
61d i f f i c u l t  to  apply. These drawbacks p rec lu d e  th e  use of i m p l i c i t
methods f o r  th e  s o l u t i o n  o f  th e  n o n - l i n e a r  e q u a t i o n s  u s e d  i n  th e
r e a l - t i m e  s im u la to r .
A f te r  t h e s e  e l i m i n a t i o n s ,  o n ly  s i n g l e - s t e p  e x p l i c i t  'Runge-
K u tta ’ m ethods rem ain .
Use of th e  s im u la to r  in v o lv e s  th e  co u p l in g  o f  a d i s c r e t e - t i m e
system  to  c o n t in u o u s - t im e  p la n t  and so s im u la t i o n  accu racy  must be
e v a lu a te d  i n  th e  c o n t in u o u s - t im e  domain i .e .  th e  s im u la t i o n  e r r o r
must be e v a l u a t e d  o v e r  a l l  t i m e ,  t ,  n o t  j u s t  a t  th e  s u c c e s s i v e
p o in t s  o f  th e  s o l u t i o n ,  t= k h  (w h e re  h i s  t h e  i n t e g r a t i o n  s t e p
27l e n g th  and k i s  a n  i n t e g e r ) .  A p r e v i o u s  s tu d y  h a s  shown t h a t
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t h i s  c o n s i d e r a t i o n  t e n d s  to  f a v o u r  m e th o d s  o f  l o w e r  o r d e r ,  i n  
p a r t i c u l a r  t h e  f i r s t - o r d e r  R u n g e -K u t ta  ’E u l e r '  m ethod . The E u l e r  
method can  a c h i e v e  a h i g h e r  c o n t i n u o u s  a c c u r a c y  w i th  a g iv e n  
p ro c e s s o r  c o m p u ta t i o n  s p e e d  th a n  th e  f o u r t h - o r d e r  R u n g e -K u t ta  
method, n o tw i th s ta n d in g  th e  h ig h e r  p o in t  accuracy  and lo n g e r  s te p  
l e n g th  p o s s ib le  w i th  the  l a t t e r .  This  i s  p a r t i c u l a r l y  t r u e  i n  the 
r e g io n  o f  d i s c o n t i n u i t i e s .
There i s  a f u r t h e r  problem w ith  th e  h ig h e r  o rd e r  Runge-Kutta 
methods because c o r r e c t  im p le m e n ta t io n  r e q u i r e s  new A/D co n v ers io n  
v a lu e s  a t  e a c h  i n t e r m e d i a t e  s t a g e  o f  t h e  a l g o r i t h m .  T h i s  i s  
in c o n v e n ie n t  and e ro d e s  the com pu ta tion  tim e  saved through the use 
o f  a lo n g e r  s te p  le n g th .
The E u l e r  m e th o d  h a s  poor s t a b i l i t y  f o r  p o l e s  c l o s e  to  t h e  
im aginary  a x i s  bu t f o r t u n a t e l y  t h i s  i s  no t a problem. The dynamic 
behav iour  in v o lv e d  i n  th e  s im u la t io n  o f  power system response  to  
lo a d in g  d i s tu r b a n c e s  i s  g e n e ra l ly  w ell-dam ped  w i th  a predominance 
o f  p o l e s  on o r  n e a r  th e  r e a l  a x i s  o f  t h e  com p lex  p la n e .  The 
com plexity  of h igh  o rd e r  methods which ach iev e  s t a b i l i t y  f o r  p o le s  
n ea r  th e  im ag ina ry  a x i s  i s ,  t h e r e f o r e ,  unnecessary .
2 .9 .2  M u ltip le  R ate  I n te g r a t io n  Schemes
G en e ra l ly ,  pow er s y s te m  d y n am ic  m o d e ls  e x h i b i t  w id e l y  
d i f f e r e n t  r a t e s  o f  c h a n g e  o f  v a r i a b l e s  o r  o f  g r o u p s  o f
Cl
v a r i a b l e s .  T h is  ' s t i f f '  system p ro p e r ty  can r e s u l t  i n  e x c e s s iv e
com puta tion  t im e s  and ro u n d -o f f  e r r o r s  i f  the  s low er  p a r t s  of the
model h ave  to  be i n t e g r a t e d  w i t h  s t e p  l e n g t h s  s h o r t  enough to
61prov ide  s t a b i l i t y  f o r  th e  f a s t  components. I m p l i c i t  methods and
53 54 56 62 63o th e r  more s p e c i a l i s e d  s o l u t i o n  a lg o r i th m s  ’ * ’ * a re  a b le
to  avo id  t h i s  problem but th e se  a re  u n s u i t a b le  f o r  im p le m e n ta t io n  
i n  r e a l - t i m e  due to  t h e i r  c o m p le x i t y  and t h e i r  use  o f  i t e r a t i v e
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c a l c u l a t i o n s  and v a r i a b l e  s te p  le n g th s .
In  pow er s y s te m  s t u d i e s ,  s u b s e t s  o f  e q u a t i o n s  o f  d i f f e r i n g  
re sp o n se  t i m e s  a r e  e a s i l y  i d e n t i f i e d  and  t h e r e  a r e  o f t e n  o n ly  a
Cl
few i n t e r f a c e  v a r i a b l e s  between su b se ts .  An i n t u i t i v e  g rouping  
o f  t h e  e q u a t i o n s  g u id e d  by th e  p h y s i c a l  p a r t i t i o n i n g  o f  th e  
m odelled  s y s te m  i s ,  t h e r e f o r e ,  e f f e c t i v e .  The s u b s e t s  can  be 
so lved  u s i n g  d i f f e r e n t  s t e p  l e n g t h s  ( a n d / o r  m e th o d s )  c o n s i s t e n t  
w ith  th e  r a t e s  o f  change of t h e i r  v a r i a b l e s  and a l a r g e  sav in g  i n  
com putation  t im e  can  be o b t a i n e d  i n  t h i s  way. Such s c h e m e s  have  
been used f o r  o f f - l i n e  s im u la t io n  i n  t r a n s i e n t  s t a b i l i t y  s t u d i e s ^  
and f o r  r e a l - t i m e  s im u la t i o n  of a f o s s i l - f u e l l e d  power p la n t  i n  an 
o p e r a to r  t r a i n i n g  s im u la to r .
Formal m odel d e c o m p o s i t i o n  a l g o r i t h m s  h a v e  b een  a p p l i e d  to
65th e  l o n g - t e r m  s i m u l a t i o n  o f  power s y s t e m s .  A lth o u g h  th e s e  
methods may ach iev e  a g r e a t e r  com pu ta tion  sav in g  th a n  th e  ad hoc 
approach d e s c r i b e d  ab o v e ,  th e y  a r e  n o t  e a s i l y  a p p l i e d  t o  l a r g e -  
s ig n a l ,  n o n - l i n e a r  models. The ad hoc scheme a l s o  has  th e  m e r i t  of 
s im p l i c i t y  and r e q u i r e s  l e s s  programming e f f o r t .
A m u l t i p l e  r a t e  i n t e g r a t i o n  scheme was used f o r  th e  o f f - l i n e  
s im u la t io n  c a r r i e d  o u t  i n  t h i s  study. T h is  a l lo w ed  s im u la t io n  ru n s  
o f  complex sy s tem s  to  be o b ta in e d  r a p id ly .  The power system model 
can be decom posed  s im p ly  by s e p a r a t i n g  th e  e q u a t i o n s  f o r  th e  
d i f f e r e n t  g e n e ra t io n  types. For example, th e  th e rm a l  u n i t  models 
can be i n t e g r a t e d  a d e q u a te ly  a t  a r a t e  s lo w er  than  t h a t  r e q u i r e d  
f o r  th e  h y d ro - tu rb in e  model & I f  a  g r e a t e r  co m p u ta t io n a l  sav in g  i s  
n e c e ssa ry ,  th e  t h e r m a l  m o d e ls  c o u ld  be s p l i t  i n t o  b o i l e r  and  
tu r b in e  s e c t io n s .  The b o i l e r  e q u a t io n s  could  th e n  be i n t e g r a t e d  a t  
an  even s lo w er  r a t e .  This  ad-hoc  approach  to  d ecom posi t ion  can be 
gu ided  by t h e  t i m e - f r a m e  o f  t h e  r e s p o n s e  o f  t h e  v a r i o u s
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components.
In  t h e  w o rk  r e p o r t e d  h e r e ,  th e  r e a l - t i m e  s i m u l a t o r  d id  n o t  
re a c h  a s u f f i c i e n t  c o m p le x i t y  t o  r e q u i r e  m u l t i p l e  r a t e s  o f  
i n t e g r a t i o n .  H owever, i f  l a r g e r  p r o b le m s  w e re  t o  be s t u d i e d ,  i t  
might be advan tageous  to  use a m u l t i p l e  r a t e  scheme to  r e l i e v e  the 
com p u ta tio n a l  lo a d  on th e  hardw are. T h is  could  be im plem ented  most 
e a s i l y  on a m u l t ip r o c e s s o r  system and so t h i s  p o s s i b i l i t y  w i l l  be 
d i s c u s s e d  f u r t h e r  i n  Chapter 5.
2 .9 -3  Im p lem en ta tio n  o f  th e  E u le r  Method
The E u le r  method was used i n  th e  power system s im u la to r  and 
the  p l a n t  s i m u l a t o r  d e s c r i b e d  be low . I t  w as  a l s o  u sed  i n  a l l  th e  
o f f - l i n e  s i m u l a t i o n  s t u d i e s  c a r r i e d  o u t  i n  t h e  c o u r s e  o f  t h i s  
work. This p rov ided  th e  maximum correspondence  between o n - l i n e  and 
o f f - l i n e  c o n d i t io n s .
The i n t e g r a t i o n  a l g o r i t h m  can  be d e s c r i b e d  q u i t e  s im p ly  i n  
w ords: C a l c u l a t e  t h e  v a l u e s  o f  th e  m odel d e r i v a t i v e s  i . e .  th e  
d e r i v a t i v e s  o f  t h e  s t a t e  v a r i a b l e s ,  m u l t i p l y  t h e s e  by t h e  
i n t e g r a t i o n  s t e p  l e n g t h  and  add  th e  r e s u l t  t o  th e  p r e v i o u s  v a l u e  
o f  t h e  s t a t e  v a r i a b l e ,  t h e n  r e p e a t .  E x p r e s s i o n s  f o r  t h e  i n i t i a l  
c o n d i t io n s  of the  s t a t e  v a r i a b l e s  can be o b ta in e d  i n  te rm s  of th e  
model o p e ra t in g  p o in t  by s e t t i n g  th e  d e r i v a t i v e s  to  ze ro .
The a d e q u a c y  o f  a n  i n t e g r a t i o n  s t e p  s i z e  f o r  a p a r t i c u l a r
model w as ch e c k e d  by t h e  s i m p l e  e x p e d i e n t  o f  r e p e a t i n g  a s a m p le
o f f - l i n e  s im u l a t i o n  w i th  a s m a l le r  s te p  s i z e  and checking  th a t  no
56change i n  th e  r e s u l t s  could  be seen.
2 .1 0  LABORATORY TESTING FACILITY FOR THE SIMOLATOR
In  o rd e r  t h a t  c o r r e c t  o p e r a t io n  o f  th e  power system  s im u la to r  
can be v e r i f i e d  b e f o r e  i t  i s  c o u p le d  to  t h e  r e a l  h y d r o - t u r b i n e  
p la n t ,  a g e n e r a l - p u r p o s e  1 p i  a n t ’ s i m u l a t o r  was e s t a b l i s h e d  u s in g
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an IBM PC f i t t e d  w i t h  a n a l o g - t o - d i g i t a l  and d i g i t a l - t o - a n a l o g  
c o n v e rs io n  h a rd w a re .  A s i m u l a t i o n  o f  a h y d r o - t u r b i n e  and  i t s  
governor was programmed u s in g  th e  M ic ro s o f t  a s sem b le r  and F o r t r a n  
com piler. R e a l - t i m e  s y n c h r o n i s a t i o n  i s  a c h i e v e d  u s i n g  a t i m e r  
i n t e r n a l  to  th e  PC and th e  p la n t  i n t e r f a c e s  a r e  em u la ted  i n  d e t a i l  
u s in g  th e  same v o l t a g e  s c a l i n g s  a s  th e  S loy  m i c r o p r o c e s s o r  
governor. A n o n - l i n e a r  model of th e  h y d ro - tu rb in e  and i t s  governor 
i s  used so t h a t  the s im u la to r  r e p r e s e n t s  the behav iour a c c u r a te ly  
over a lm o s t  th e  f u l l  o p e r a t in g  range. A l t e r n a t iv e  p a ra m e te rs  can 
be s e l e c t e d  e a s i l y  i n  t h e  i n i t i a l i s a t i o n  s t a g e .  The E u l e r  
i n t e g r a t i o n  m e th o d  i s  u s e d  w i t h  a s t e p  l e n g t h  o f  0 .0 1 s  and  th e  
model e q u a t io n s  and d a ta  a re  g iven  i n  Appendix 1.
T his  e q u i p m e n t  i s  u s e d  i n  t h e  l a b o r a t o r y  d u r i n g  t h e  
development o f  th e  pow er s y s te m  s i m u l a t o r .  I t  i s  a l s o  u se d ,  b o th  
i n  t h e  l a b o r a t o r y  and on s i t e ,  f o r  t r i a l  r u n s  w i t h  p a r t i c u l a r  
s im u la to r  c o n f i g u r a t i o n s  i n t e n d e d  t o  v e r i f y  t h a t  u n t o w a r d  
s i t u a t i o n s  w i l l  n o t  o c c u r  w hen t h e  e q u ip m e n t  i s  c o u p le d  t o  t h e  
r e a l  p l a n t .  S e v e r a l  v e r s i o n s  w e re  d e v e lo p e d  to  c a t e r  f o r  th e  
d i f f e r e n t  p l a n t  t y p e s  e n c o u n t e r e d .  These  i n c l u d e d  S lo y  t u r b i n e s  
w i th  e i t h e r  e l e c t r o n i c  or s p e e d e r  m o to r  i n j e c t i o n  an d ,  l a t e r ,  
Stornoway d i e s e l  e n g i n e s .  The p l a n t  s i m u l a t o r  w as  u s e d  t o  t e s t  
v a r io u s  o th e r  i t e m s  of equipm ent i n c lu d in g  an im p le m e n ta t io n  of 
th e  lo a d  c o n t r o l l e r  d e s c r ib e d  i n  C hapter 8.
2 .11  OFF-LINE SIMULATION
An IBM PC AT prog ram m ed  w i t h  Turbo P a s c a l  w as  u se d  f o r  th e  
m a jo r i ty  of the  o f f - l i n e  s im u l a t i o n  work c a r r i e d  o u t  i n  co n n ec tio n  
w i th  t h i s  s tu d y  and a s i m u l a t i o n  p ack a g e  w as  e s t a b l i s h e d  w i t h  
g r a p h ic s  f a c i l i t i e s .  I n  o r d e r  t o  o b t a i n  r e s u l t s  i n  a r e a s o n a b l y  
s h o r t  t im e , a m u l t i p l e  r a t e  E u le r  i n t e g r a t i o n  a lg o r i th m  i s  used as
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d is c u s s e d  i n  S e c t i o n  2 .9 .2
S p e c ia l  a r r a n g e m e n t s  m u s t  be made w hen P a s c a l  i s  u s e d  f o r  
s im u la t io n :  The v a r i a b l e s  i n  t h e  m ode l p r o c e d u r e s  m u s t  be made 
g lo b a l  o t h e r w i s e  th e y  w i l l  n o t  r e t a i n  t h e i r  v a l u e s  f ro m  one 
i n t e g r a t i o n  s t e p  t o  th e  n e x t .  T h i s  a p p r o a c h  i s  som ew hat a t  o d d s  
w i th  c o n v e n t i o n a l  P a s c a l  u s a g e  b u t  t h e  a l t e r n a t i v e  o f  l o n g  
param eter  s t r i n g s  i n  p rocedure  c a l l s  i s  im p r a c t i c a l .  However, the 
use o f  v a r i a b l e s  t h a t  a r e  o n ly  d e c l a r e d  once  i s  much l e s s  e r r o r  
prone than  the  COMMON b lock  c o n s t r u c t io n  o f  F o r t r a a  The v a r i a b l e s  
f o r  a  p a r t i c u l a r  m odel a r e  c o n t a i n e d  i n  a * r e c o r d 1 so t h a t  
m u l t ip l e  c o p ie s  of a p a r t i c u l a r  model can be used  w i th o u t  changing 
a l l  th e  v a r i a b l e  names. The model p ro ced u re s  have th r e e  s e c t i o n s :  
A d ia lo g u e  phase, an i n i t i a l i s a t i o n  phase and an  e x e c u t io n  phase. 
T h is  a v o id s  th e  need f o r  e x te n s iv e  p a ram e te r  pass ing .
O f f - l i n e  s i m u l a t i o n  w a s  u s e d  i n  t h e  d e v e l o p m e n t  a n d  
e v a l u a t i o n  o f  t h e  .power s y s te m  m o d e ls  u se d  i n  t h e  s i m u l a t o r .  The 
g e n e ra t io n  b lo c k  and  a l t e r n a t o r  m o d e ls  w e re  im p le m e n te d  a s  
s e p a r a t e  p r o c e d u r e s  w h ic h  c o u ld  be i n c l u d e d  o r  n o t  d e p e n d in g  on 
th e  mix o f  p la n t  to  be s tu d ie d .  The m odels  w ere th e n  im plem ented  
i n  t h e  r e a l - t i m e  s i m u l a t o r  i n  a  f u l l y  d e v e lo p e d  fo rm .  The 
s im u la t io n  package w as v e ry  much more i n t e r a c t i v e  th a n  th e  r e a l ­
tim e s i m u l a t o r  e q u ip m e n t  and  so i t  w as  much m ore  c o n v e n i e n t  f o r  
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F igure  2 .2  S t ru c tu r e  of the  s im u la to r  program
CHAPTER 3 
MODELS FOR POWER SYSTEM RESPONSE SIMULATION
R e a l i s t i c  m a t h e m a t i c a l  m o d e ls  o f  a num ber o f  pow er s y s te m  
components had to  be a s s i m i l a t e d  i n  a form s u i t a b l e  f o r  r e a l - t i m e  
s im u la t io n  b e fo re  th e  s im u la to r  could  be used to  s tudy  p rob lem s of 
p r a c t i c a l  i n t e r e s t .  I n c l u d e d  i n  th e  l i s t  w e re  b o i l e r s  b u r n in g  
c o a l ,  o i l  o r  g a s ;  s te a m  t u r b i n e s ;  n u c l e a r  p l a n t ;  g e n e r a t o r  
i n e r t i a ;  and  c o n su m er  l o a d s .  I t  i s  th e  p u rp o s e  o f  t h i s  c h a p t e r  to  
d e s c r ib e  th e  dynamic m odels  used i n  th e  h y d ro - th e rm a l  power system 
s tudy .
The g en e ra l  s t a t e  of power system s im u la t io n  w i l l  be rev iew ed  
i n  th e  c o n t e x t  o f  t h e  UK sy s te m  and  c o m p ared  w i t h  pow er s t a t i o n  
and g r id  c o n t ro l  c e n t r e  o p e ra t io n  i n  p r a c t i c e .  The f e a t u r e s  o f  an 
o i l - f i r e d  b o i l e r - t u r b i n e  model used f o r  p r e l im in a ry  t e s t s  w i l l  be 
o u t l i n e d  b r i e f l y  b e fo re  a c o a l - f i r e d  p la n t  model i s  d e s c r ib e d  i n  
f u l l .  T h i s  s e c o n d  m ode l w as  u s e d  f o r  m ore d e t a i l e d  s t u d i e s  o f  a 
mixed h y d ro - th e rm a l  system  r e p o r te d  i n  C hapter 6. The development 
o f  c o -o rd in a te d  c o n t ro l  schemes f o r  b o i l e r - t u r b i n e  u n i t s  w i l l  a l s o  
be cons idered .  To com plete  th e  power system  model, a m a th em a tic a l  
d e s c r i p t i o n  o f  t h e  v a r i a t i o n  i n  c o n su m e r  dem and w i t h  s y s te m  
freq u en cy  w i l l  be p re se n te d  a lo n g  w i th  a s in g l e  a l t e r n a t o r  model 
o f  the  ge ner a t  or s.
3 .1  POWER SYSTEM SIMULATION
A w e a l t h  o f  m a t e r i a l  h a s  b een  p u b l i s h e d  on pow er s y s te m  
s im u la t io n  a p p l ie d  to  a number of problem a r e a s  such a s  t r a n s i e n t
s t a b i l i t y , ^ >68*69,70 gyS^em o p e ra to r  t r a i n i n g , b o i l e r -
74 44 59 75tu r b i n e  c o n t r o l '  , lo n g - te rm  system  dynam ics, a nd, i n  the
USA, a u t o m a t i c  g e n e r a t i o n  c o n t r o l . ^ A l t h o u g h  t h e  t im e
s c a l e s  a re  d i f f e r e n t , ^  a s u b s t a n t i a l  common ground e x i s t s  between
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th e se  a p p l i c a t i o n s .
The r e s p o n s e  t i m e  o f  a l a r g e  f o s s i l - f i r e d  b o i l e r  i s  o f  th e  
7 8o rd e r  o f  m i n u t e s ,  so t r a n s i e n t  s t a b i l i t y  a n a l y s e s  f o r  s te a m
p la n t  u s u a l ly  in c lu d e  th e  dynamics o f  th e  tu r b in e  but assume th a t
the  b o i l e r  p r e s s u r e  r e m a i n s  c o n s t a n t  o v e r  th e  t i m e - s p a n  o f
i n t e r e s t  (1 0 s ) .  C o n v e r s e ly ,  l o n g e r - t e r m  s t u d i e s  do n o t  need  t o
in c lu d e  d e t a i l e d  models of synchronous machine behaviour.
The m o d e ls  u s e d  i n  s t u d i e s  o f  g o v e r n o r  r e s p o n s e  s h o u ld  be
v a l i d  f o r  t h e  f i r s t  f e w  m i n u t e s  f o l l o w i n g  a d i s t u r b a n c e .
T h e re a f te r ,  m e a s u r e s  t a k e n  by g r i d  c o n t r o l  e n g i n e e r s  su ch  a s  t h e
s t a r t i n g  o f  g a s  t u r b i n e  o r  p u m p e d - s to r a g e  p l a n t  t a k e  e f f e c t  and
governor r e s p o n s e  i s  no l o n g e r  th e  p r im a r y  c o n c e rn .  I t  i s  n o t
n ece ssa ry  to  model lo n g e r - t e rm  e f f e c t s  such a s  lo a d  i n c r e a s e s  due
to  v o l t a g e  r e g u l a t i o n  a t  lo a d  bulk  supply  p o in ts .  These f e a t u r e s
75a r e  more r e l e v a n t  to  s tu d i e s  of lo a d -sh e d d in g  p o l i c i e s .
A s y s t e m  r e s p o n s e  m o d e l  h a s  b e e n  d e v e l o p e d  by t h e
2 All 7Q 80CEGB. ’ This  model has been v a l i d a t e d  a g a i n s t  system  t e s t s
and i t  has  been used to  s tudy  th e  response  o f  pum ped-storage p la n t
44and to  rev iew  lo a d -s h e d d in g  r e l a y  p o l i c i e s .
A s im u la t io n  methodology f o r  lo n g - te rm  power system  dynamics
has  been developed  i n  th e  USA under the d i r e c t i o n  o f  th e  E l e c t r i c
Power R e s e a rc h  I n s t i t u t e  (E P R I) .^0 , ^ ^ , ®  ^ I t  h a s  b een  u s e d  i n
82 83s t u d i e s  of system behav iour fo l l o w in g  m ajor d i s tu r b a n c e s  1 and
77a u to m a t ic  g e n e r a t i o n  c o n t r o l .  T h i s  p a ck a g e  i s  i n t e n d e d  t o  
p ro v id e  a c o m p le te  s i m u l a t i o n  o f  a pow er s y s te m  o v e r  b o th  s h o r t  
and l o n g  t i m e  s c a l e s  and  so i t  i n c l u d e s  r e p r e s e n t a t i o n  o f  
i n d i v id u a l  m a c h in e s  and  th e  t r a n s m i s s i o n  n e tw o rk .  A t r a n s i e n t  
s t a b i l i t y  p rog ram  i s  u se d  f o r  a p e r i o d  o f  a b o u t  10s  f o l l o w i n g  an  
e l e c t r i c a l  d is tu rb a n c e .  T h e re a f te r ,  the s im u la t io n  s w i tc h e s  to  a 
lo n g - te rm  mode where th e  in te r -m a c h in e  o s c i l l a t i o n s  a r e  removed by
37
a r t i f i c i a l l y  i n c r e a s in g  th e  damping te rm  i n  th e  swing e q u a t io n s  of
84th e  in d i v id u a l  machines. The t r a p e z o id a l  i n t e g r a t i o n  method i s
used to  p rov ide  n um erica l s t a b i l i t y  f o r  a s te p  l e n g th  a p p ro p r ia te
to  th e  c o m p o n e n ts  o f  t h e  l o n g - t e r m  m o d e l.  The d i s s i m i l a r
r e s p o n s e s  o f  g e n e r a t i n g  u n i t s  can  l e a d  t o  e x c e s s i v e  t i e - l i n e
85lo a d in g  f o l l o w i n g  l a r g e  s y s te m  u p s e t s ,  and  so a l o a d - f l o w
c a l c u l a t i o n  i s  i n c l u d e d  so  t h a t  p r o t e c t i v e  t r i p p i n g  o f
t r a n s m is s io n  l i n e s  can be p re d ic te d .  The s o f tw a re  has  been w r i t t e n
i n  such a way as  to  a l low  th e  s e l e c t i o n  o f  model c o n f ig u r a t io n s  by
86a p p r o p r ia te  c h o ic e  o f  d a t a  w i t h o u t  any need  f o r  r e c o d i n g .
However, some d i f f i c u l t y  has been en co u n te red  i n  r e c e n t  EPRI work
to  d e v e lo p  a ' p r o d u c t i o n  g r a d e 1 p ro g ram  f o r  f u l l  s i m u l a t i o n  o f
59 60power s y s t e m s  f o r  p e r i o d s  o f  up to  20 m in u te s .  * I t  h a s  b een
found t h a t  the  m o d e l l in g  r e q u i r e m e n ts  f o r  lo n g - te rm  s im u la t io n  a re
in c o m p le te ly  d e f i n e d  and t h a t  l i t t l e  d a t a  i s  a v a i l a b l e  f o r  th e
p a ram ete rs  of the  models used i n  the s im u la t io n .
3 .2  A COMPARISON OF NATIONAL SYSTEMS
I n t e r n a t i o n a l  v a r i a t i o n  i n  t h e  r e l a t i v e  c a p a c i t i e s  o f
d i f f e r e n t  ty p e s  o f  g e n e ra t in g  p la n t  i s  c o n s id e r a b le  f o r  economic,
h i s t o r i c a l  and p o l i t i c a l  r e a s o n s .  T h e re  i s  h ig h  d e p e n d e n c e  on
n u c le a r  pow er i n  F ra n c e ,  B e lg iu m ,  Sweden, T a iw a n  and  Korea** and
c o n s id e ra b le  h y d r o - e l e c t r i c  developm ent i n  Norway, France, I t a l y ,
87Canada and  th e  USA.
Much work on power system  m o d e ll in g  h a s  been done i n  th e  USA,
b u t th e  g r i d  sy s te m  i n  t h e  N o r th  A m e r ic a n  C o n t i n e n t  d i f f e r s
m arkedly from  t h a t  i n  B r i t a i n  i n  a num ber o f  r e s p e c t s .  The
78 87American s y s te m  i s  a b o u t  s i x  t i m e s  l a r g e r .  * Some o f  th e  l o a d  
and g e n e ra t io n  c e n t r e s  a r e  very  w ide ly  s e p a ra te d  and, th e r e f o r e ,  
ten d  to  be l e s s  t i g h t l y  c o u p le d  i n  th e  t r a n s m i s s i o n  s y s te m  th a n  
th e  supply  and lo a d  p o in t s  i n  th e  UK and European system s. 3600rpm
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g e n e r a to r s  a r e  d i f f i c u l t  to  c o n s t r u c t  so I800rpm g e n e r a to r s  w ith  
two p a i r s  o f  p o l e s  a r e  f r e q u e n t l y  u s e d  i n  t h e  60Hz A m eric an  
system. T h i s  t e n d s  t o  l o w e r  t h e  s y s te m  i n e r t i a  f o r  r e a s o n s  
d i s c u s s e d  f u r t h e r  i n  S e c t i o n  3.8. I n  t h e  USA, c o n s i d e r a b l e  
a t t e n t i o n  i s  d i r e c t e d  t o  t h e  a u t o m a t i c  g e n e r a t i o n  c o n t r o l  
equipment (AGC) p r e s e r v i n g  th e  s c h e d u le d  pow er i n t e r c h a n g e s  
between t h e  i n d i v i d u a l  e l e c t r i c i t y  s u p p ly  u t i l i t i e s ,  w h ich  a r e  
m ostly  i n  p r i v a t e  o w n e r s h ip .  The g r i d  f r e q u e n c y  i s  v e r y  t i g h t l y  
c o n t r o l l e d  i n  o rd e r  to  m a in ta in  th e  power t r a n s f e r s  i n  th e  system. 
I n  th e  UK, programmed t r a n s f e r s  betw een the  CEGB re g io n s ,  th e  SSEB 
and t h e  NSHEB a r e  r e g u l a t e d  a d e q u a t e l y  by m anual c o n t r o l  a t  t h e  
g r id  c o n t ro l  c e n t re s .
3 .3  PROPORTIONS OF PLANT IN THE UK SYSTEM
The a p p r o x im a te  p r o p o r t i o n s  o f  p l a n t  c a p a b i l i t e s  i n  t h e  UK
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Gas t u r b i n e s  a r e  e x p e n s iv e  t o  r u n  f o r  l o n g  p e r i o d s  and  a r e ,
t h e r e f o r e ,  o n ly  u s e d  f o r  ’ p e a k - l o p p i n g ’ a t  t i m e s  o f  v e r y  h ig h
demand. H ow ever, th e y  can  be s t a r t e d  q u i c k l y  and  a r e  u s e d  i n
em ergencies. The ba lance  between coal and o i l  p la n t  depends on th e
r e l a t i v e  c o s t  of th e se  f u e l s  which can be q u i t e  v a r i a b le .  However,
o i l - f i r e d  b o i l e r s  a r e  g e n e ra l ly  more f l e x i b l e  and a re ,  th e r e f o r e ,
more s u i t a b l e  when g e n e ra t io n  i s  r e q u i r e d  f o r  sh o r t  p e r io d s .  The
mix o f  g e n e r a t i n g  p l a n t  and f r e q u e n c y  r e g u l a t i o n  o f  th e  s y s te m
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v a r i e s  w i th  th e  d a i ly  demand curve and can be a f f e c t e d  g r e a t l y  by 
88i n d u s t r i a l  a c t i o n .
3 .4  POWER STATION AND GRID CONTROL CENTRE OPERATION IN PRACTICE
I n  o rd e r  to  e v a lu a te  more e f f e c t i v e l y  the  w ide range  of power 
system  response  m odels a v a i l a b l e ,  some t im e  was sp en t  o b se rv in g  a t  
f i r s t  hand  th e  o p e r a t i o n  o f  pow er s t a t i o n s  and g r i d  c o n t r o l  
c e n t r e s  i n  t h e  UK. Hams H a l l  »C' (6x65MW, n o n - r e h e a t ) ,  a t  t h a t  
time b u ring  n a tu ra l  gas ; Rugeley ’B1 (2x500MW, r e h e a t ,  c o a l - f i r e d )  
and P e te rh e ad  (2x660MW, r e h e a t ,  o i l  or g a s - f i r e d )  were v i s i t e d  and 
in s p e c t e d  i n  some d e t a i l  a s  w e re  a num ber o f  h y d r o - e l e c t r i c  
s t a t i o n s  i n  t h e  NSHEB a r e a .  The o p e r a t i o n  o f  t h e  c o a l - f i r e d  
b o i l e r - t u r b i n e  u n i t s  a t  Longannet (4x600MW) and the pum ped-sto rage 
u n i t s  a t  D inorw ig (6x300MW) was observed  d u r in g  a lo n g e r  period . 
The s y s te m  c o n t r o l  f u n c t i o n  w as  s e e n  a t  t h e  NSHEB, SSEB and  CEGB 
M idlands Region g r id  c o n t ro l  c e n t r e s .
3 .5  NUCLEAR PLANT
89Dynamic m o d e ls  o f  n u c l e a r  p l a n t  a r e  a v a i l a b l e  *, b u t ,  a s  
i n d i c a t e d  i n  S e c t i o n  1.2, r e a c t o r s  i n  th e  UK p la y  no p a r t  i n  
system  r e g u l a t i o n  and so they  a re  r e p r e s e n te d  i n  th e  s im u la to r  t?y 
a power c o n t r i b u t i o n  th a t  does no t v ary  w i th  frequency .
3 .6  THERMAL PLANT
R e a l i s t i c  dynamic m odels  o f  c o a l -  or o i l - f i r e d  b o i l e r - t u r b i n e  
u n i t s  a r e  e s s e n t i a l  i n  a s im u l a t i o n  o f  th e  UK power system  because 
o f  th e  predominance of t h i s  type  o f  p la n t .  The system  frequency  i s  
norm ally  r e g u la te d  i n  th e  medium term  u s in g  pum ped-sto rage p la n t .  
However, l a r g e  f o s s i l - f i r e d  u n i t s  s h o u ld  c o n t r o l  t h e  i n i t i a l  
f req u en cy  swing and w i l l  be r e q u i r e d  to  c o n t r i b u te  s i g n i f i c a n t l y  
i n  th e  even t of a f a i l u r e  of th e  pum ped-storage u n i t s  or a system 
s p l i t  w h ic h  l e a v e s  a s e c t i o n  o f  th e  s y s te m  w i t h o u t  s u c h  p l a n t .  
T h is  i s  a p o s s i b l e  o c c u r r e n c e  b e c a u se  a l l  o f  t h e  p u m p e d - s to r a g e
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p la n t  i s  i n  r e l a t i v e l y  rem ote  p a r t s  o f  the  g r id  system.
3 .6 .1  Thermal P la n t  O p e ra tio n
The a r r a n g e m e n t  o f  a m odern  c o a l - f i r e d  b o i l e r - t u r b i n e  u n i t  
based on th e  r e h e a t  c y c l e  i s  o u t l i n e d  i n  F i g u r e  3.1 and a much 
s im p l i f i e d  d e s c r i p t i o n  o f  i t s  o p e r a t i o n  f o l l o w s :  W a t e r  i s  
c i r c u l a t e d  i n  th e  t u b e s  f o r m i n g  th e  w a l l  o f  t h e  f u r n a c e  and  th e  
s team  p ro d u c e d  s e p a r a t e s  i n  t h e  b o i l e r  drum a t  360°C and  I6 0 b a r .  
I t  t h e n  f l o w s  th ro u g h  th e  s u p e r h e a t e r  w h e re  i t s  t e m p e r a t u r e  i s  
r a i s e d  to  about 560°C. This  im proves  th e  thermodynamic e f f i c i e n c y  
of th e  o v e r a l l  c y c l e  and  e n s u r e s  t h a t  th e  s te a m  e n t e r i n g  th e  
t u r b i n e  i s  a b s o l u t e l y  d ry .  The s te a m  f l o w s  f ro m  th e  s u p e r h e a t e r  
th rough the governor v a lv e s  to  th e  h igh p re s s u re  (HP) tu r b in e  and 
i s  t h e n  t a k e n  back  to  t h e  b o i l e r  w h e re  i t  p a s s e s  t h r o u g h  th e  
r e h e a t e r  a t  a p r e s s u r e  o f  a b o u t  3 2 b a r  t o  h av e  i t s  t e m p e r a t u r e  
r e s t o r e d  t o  560°C. The s te a m  t h e n  f l o w s  t h r o u g h  th e  i n t e r c e p t o r  
v a lv e s  i n t o  t h e  i n t e r m e d i a t e  p r e s s u r e  ( I P )  c y l i n d e r  a n d  
su b se q u en tly  i n t o  tw o , o r  p o s s i b l y ,  t h r e e  low  p r e s s u r e  (LP) 
c y l in d e r s .  F i n a l l y  th e  s te a m ,  a t  a p r e s s u r e  o f  a b o u t  0 .0 4 b a r  
( a b s o lu te )  i s  c o n d e n s e d  and r e t u r n e d  t o  t h e  b o i l e r  drum by th e  
b o i l e r  f e e d  pump w h ic h  i s ,  i n  f a c t ,  d r i v e n  by a s m a l l  s te a m  
tu rb in e .  Some thermodynamic advan tage i s  o b ta in e d  by p a s s in g  th e  
condensa te  th ro u g h  a s e r i e s  o f  f e e d  w a t e r  h e a t e r s  w h e re  i t s  
te m e ra tu re  i s  r a i s e d  t o  about 252°C by steam  b led  from the  tu rb in e  
a t  v a r io u s  s tag es .  Fans m a in ta in  a supp ly  of com bustion  a i r  to  the 
fu rn a c e  and  a p r o p o r t i o n ,  t h e  ’ p r i m a r y 1 a i r ,  i s  u se d  t o  t r a n s p o r t  
p u lv e r i s e d  coal from the  m i l l s  to  the b u rn e rs  on th e  fu rn a c e  w a ll .  
U su a lly ,  a l l  t h e  t u r b i n e  r o t o r s  a r e  m o u n ted  on a  s i n g l e  s h a f t  
a long  w i th  those  of th e  a l t e r n a t o r  and the  e x c i t e r .
T r a d i t i o n a l l y ,  t h e r m a l  u n i t s  h a v e  b een  c o n t r o l l e d  i n  a 
’ b o i l e r - f o l l o w i n g - t u r b i n e '  mode o f  o p e r a t i o n  w h e re  th e  g o v e r n o r
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v a lv e  i s  p o s i t io n e d  a c c o rd in g  to  th e  f requency  of the  system and
the d e s i r e d  l o a d i n g  on th e  u n i t .  M ovem ents  o f  t h i s  v a l v e  c a u s e  a
change i n  steam flow  r a t e  from th e  b o i l e r  drum through th e  tu rb in e
s t a g e a  F or an  i n c r e a s e  i n  f lo w  c a u s e d  by a f a l l  i n  s y s te m
freq u en cy ,  say ,  t h e  s te a m  p r e s s u r e  i n  t h e  b o i l e r  drum f a l l s .  A
*master p r e s s u r e  c o n t r o l l e r 1 s e n s e s  t h i s  f a l l  i n  p r e s s u r e  and
in c r e a s e s  th e  f u e l  in p u t  to  th e  b o i l e r  by i n c r e a s in g  th e  speed of
the  c o a l  f e e d e r s  o r  th e  r a t e  o f  o i l  s u p p ly  t o  th e  b u r n e r s  i n  an
o i l - f i r e d  f u r n a c e .  I f  a  l a r g e  change  o f  f i r i n g  i s  r e q u i r e d  on a
c o a l - f i r e d  b o i l e r ,  t h e n  i t  i s  n e c e s s a r y  to  ch an g e  th e  num ber o f
co a l  m i l l s  i n  s e r v i c e .  Changes i n  f i r i n g  t a k e  some t i m e  to  w ork
3 90through to  an  i n c r e a s e  i n  steam p ro d u c tio n .  *
3 .6 .2  An Example o f F la n t  O p e ra tio n  -  Load Changes on a  600Iff U n it
Some t im e  was s p e n t  a t  Longannet Power S t a t i o n  o b se rv in g  the  
o p e r a t io n  o f  a 6 0 0 MW u n i t .  Only s c h e d u le d  l o a d  c h a n g e s  w e re  
observed  b e c a u s e  th e  u n i t  w as  o p e r a t i n g  a t  a h ig h  l o a d  l e v e l  
w i th o u t  f r e e  g o v e r n o r  a c t i o n .  However, o b s e r v a t i o n  o f  t h e  p l a n t  
b eh av io u r  i l l u s t r a t e d  two th in g s :  F i r s t l y ,  t h a t  g o verno rs  on h igh  
m e r i t  p l a n t  l i k e  t h e  L o n g a n n e t  u n i t  a r e  o f t e n  wound w e l l  o u t  o f  
range  w i t h  th e  s p e e d e r  m o to r  so t h a t  th e  s te a m  v a l v e s  a r e  f u l l y  
open. T h is  a c h ie v e s  e l e c t r i c i t y  p ro d u c t io n  a t  maximum e f f i c i e n c y  
bu t m eans  t h a t  th e  u n i t  w i l l  n o t  c o n t r i b u t e  t o  f r e q u e n c y  
r e g u l a t i o n  w i t h o u t  m anua l i n t e r v e n t i o n .  S e c o n d ly ,  t h e  p l a n t  
b ehav iou r  i s  to  an  e x t e n t  u n p re d ic ta b le  and t im e-d ep e n d en t w i th  a 
complex i n t e r a c t i o n  of  a  number of components.
F ig u re  3.2 show s th e  b e h a v i o u r  o f  th e  p l a n t  d u r i n g  a  m i l l  
changeover. The same b e h a v i o u r  w o u ld ,  i n  f a c t ,  be o b s e r v e d  i f  t h e  
u n i t  was r e q u i r e d  to  d ec re a se  i t s  o u tp u t  by 100MW and im m ed ia te ly  
in c r e a s e  i t  a g a in  by th e  same amount because a lo a d  change of t h i s  
s i z e  i s  im plem ented by m anually  s t a r t i n g  or s to p p in g  a coal m i l l .
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Six  m i l l s  out of e i g h t  a v a i l a b l e  a r e  r e q u i r e d  f o r  f u l l  lo a d  on th e  
u n i t  and so one m i l l  p ro v id e s  f u e l  f o r  ab o u t  100MW. C loser  c o n t ro l  
o f  f i r i n g  i s  o b t a i n e d  by v a r y i n g  t h e  sp e e d  a t  w h ic h  t h e  c o a l  i s  
f e d  to  th e  m i l l s  i n  s e rv ic e .
When th e  p ro cess  o f  t a k in g  a m i l l  ou t of s e rv ic e  beg ins,  th e  
u n i t  o u tp u t  r i s e s  i n i t i a l l y  a s  the p u lv e r i s e d  coal supply  from the  
m i l l  i n c r e a s e s  a s  i t  e m p t i e s  a f t e r  t h e  f e e d  i s  s to p p e d .  Once t h e  
m i l l  h as  em ptied  co m p le te ly ,  the  u n i t  o u tp u t  f a l l s  q u i t e  r a p id ly .  
When t h e  f u e l / a i r  v a l v e s  a r e  c l o s e d ,  t h e  u n i t  o u t p u t  r i s e s  a g a i n  
a s  th e  p r im a r y  a i r  s u p p ly  t o  th e  rem o v e d  m i l l  becom es a v a i l a b l e  
f o r  th e  o th e r  m i l l a
When th e  new m i l l  i s  put i n t o  s e rv ic e ,  th e  u n i t  o u tp u t  d rops 
i n i t i a l l y  due t o  a r e d u c t i o n  i n  th e  p r im a r y  a i r  s u p p l i e d  t o  th e  
o th e r  m i l l s  when th e  new m i l l  i s  warmed th rough  w i th  a i r  b e fo re  i t  
i s  s u p p l i e d  w i t h  c o a l .  The o u t p u t  t h e n  r i s e s ,  t a k i n g  a b o u t  30 
m in u tes  t o  re a c h  a  s teady  s t a t e .
N otice  t h a t  th e r e  i s  a tem porary  drop i n  power o u tp u t  tow ards  
the  end of the o p e ra t io n  due to  a f a l l  i n  s u p e rh e a te r  te m p e ra tu re  
a s  f e e d  w a t e r  i s  s p r a y e d  i n t o  t h e  s te a m  b e f o r e  i t  e n t e r s  t h e  
s u p e r h e a t e r  i n  o rd e r  t o  a r r e s t  the te m p e ra tu re  d r i f t .  The s p l i t  i n  
th e  t w o - s i d e d  drum l e v e l  m e a su re m e n t  i s  r e d u c e d  a f t e r  t h e  m i l l  
change b e c a u s e  th e  new b u r n e r  c o m b i n a t i o n  p r o v i d e s  a m ore  ev en  
f lam e.
Although i t  d o e s  n o t  show th e  r e s p o n s e  o f  a r e g u l a t i n g  
therm al u n i t  t o  a s y s te m  f r e q u e n c y  e x c u r s i o n ,  t h i s  e x a m p le  do es  
i l l u s t r a t e  t h e  d i f f i c u l t y  i n  m o d e l l i n g  t h e r m a l  p l a n t .  The 
behav iou r  has u n p re d ic ta b le  a s p e c t s  and only  some o f  the p la n t  i s  
a u to m a t i c a l ly  c o n t r o l l e d .  D e t a i l e d  m o d e l l i n g  o f  a p a r t i c u l a r  
u n i t ’ s  behav iou r  would be v e ry  d i f f i c u l t  to  accom plish  and would 
no t  r e p r e s e n t  t h e  a g g r e g a t e  b e h a v i o u r  o f  a l l  t h e  b o i l e r - t u r b i n e
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u n i t s  on th e  system. I t  i s  only p o s s ib le  to  produce a model which 
behaves i n  a f a s h io n  t h a t  i s  t y p i c a l  o f  the rm al p la n t .  E xperience  
shows t h a t  th e  observed  behav iour v a r i e s  c o n s id e ra b ly  from power 
s t a t i o n  to  pow er s t a t i o n .  The d y n a m ic s  o f  a l l  u n i t s  a r e  
d i f f e r e n t ,  and d i f f e r  i n  th e m se lv es  w i th  t im e  and w i th  lo a d  l e v e l .
Elements of the p la n t  dynamics a re  t im e-d ep en d en t caused by 
f a c t o r s  such  a s  b o i l e r  tu b e  s l a g g i n g ,  v a r i a b i l i t y  i n  c o n d e n s e r  
vacuum, a i r  l e a k a g e  i n  th e  m i l l s  and  a i r  h e a t e r s ,  m i l l  w e a r  and  
coa l q u a l i t y  and w etness .  The i n a b i l i t y  of e x i s t i n g  c o n t ro l  lo o p s  
to  cope w i th  th e se  and s i m i l a r  s i t u a t i o n s  l e a d s  to  many in s t a n c e s  
where th e  o p e ra to r  has  to  r e v e r t  to  manual c o n t ro l .  M il l  c o n t ro l  
i s  p a r t i c u l a r l y  d i f f i c u l t .  D i f f e r e n t  m i l l s  h a v e  d i f f e r e n t
r e s p o n s e s  and  t h e i r  i n f l u e n c e  d e p e n d s  on t h e  p o s i t i o n  o f  th e
a s s o c i a t e d  b u rn e rs  on the  fu rn a c e  w a l l .
W hile many u n i t s  o p e ra te  w i th  a t  l e a s t  some degree  of manual
c o n t ro l ,  i t  m u s t  be a s su m e d  t h a t  th e  a v e r a g e  e f f e c t  o f  m anua l 
i n t e r v e n t i o n  on a number of u n i t s  i s  com parable to  th e  e f f e c t  of a 
re a s o n a b le  au to m a tic  c o n t ro l .
T e s ts  a r e  c a r r i e d  ou t on th e  n a t io n a l  g r id  to  i n v e s t i g a t e  the  
re sp o n se  of the rm al p la n t  to  system d is tu rb a n c e s .  However, t h e i r  
r e a l i s m  i s  d oub tfu l  because the  u n i t  o p e r a to r s  a r e  fo rew arn ed  and 
have t h e i r  p l a n t  i n  a h ig h e r  s t a t e  o f  r e a d i n e s s  than  i s  normal.
3 .6 .3  Seme G eneral O b se rv a tio n s  on Thermal P la n t  M odelling
P r io r  t o  a d i s c u s s i o n  o f  p a r t i c u l a r  b o i l e r  and  t u r b i n e  
models, i t  i s  a p p r o p r ia te  to  s t a t e  some g e n e ra l  p o in t s  r e l a t i n g  to  
therm al p l a n t  m o d e l l i n g .
3 .6 .3 .1  B o ile r  A u x i l i a r ie s
In  a gystem response  s im u la t io n ,  i t  i s  no t n ece ssa ry  to  model 
a l l  o f  th e  c o m p o n e n ts  o f  a b o i l e r - t u r b i n e  u n i t .  I t  i s  g e n e r a l l y  
h e ld  t h a t  w h i le  fe e d  w a te r  c o n t ro l  on drum b o i l e r s  i s  c r i t i c a l l y
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im p o r ta n t  t o  p l a n t  o p e r a t i o n ,  i t  d o e s  n o t  g r e a t l y  a f f e c t  th e  
dynamic behav iour of the u n i t  power ou tpu t .  This  i s  a l s o  t r u e  f o r
2l2l o i
te m p e ra tu re  c o n t r o l .  * In  F ig u r e  3 .2 ,  t h e  6 0 0 MW u n i t  show s a 
d ip  i n  pow er o u t p u t  t h a t  can  be a s s o c i a t e d  w i t h  a f l u c t u a t i n g  
s u p e rh e a te r  t e m p e r a t u r e .  However, t h i s  w as  t h e  r e s u l t  o f  m anual 
i n t e r v e n t i o n  and i t  i s  a s su m e d  t h a t ,  w hen th e  o u t p u t s  o f  s e v e r a l  
u n i t s  a r e  a v e r a g e d ,  t h e  e f f e c t s  o f  t e m p e r a t u r e  d e v i a t i o n s  w i l l  
cance l o u t .
3 .6 .3 .2  T urb ine B ypass C i r c u i t s
In  U n i t e d  S t a t e s  and  C o n t i n e n t a l  p r a c t i c e ,  v a r i o u s  t u r b i n e
bypass c i r c u i t s  a r e  em p lo y ed ,  p a r t i c u l a r l y  w i t h  o n c e - t h r o u g h
b o i l e r s .  These a r e  u se d  d u r i n g  u n i t  s t a r t - u p  and  s h u t - d o w n  o r  to
accomodate lo a d  r e j e c t i o n s  w i th o u t  t r i p p i n g  the u n i t .  Steam bypass
a?c i r c u i t s  a r e  not norm ally  p rov ided  on B r i t i s h  f o s s i l - f i r e d  p la n t  
and a re ,  t h e r e f o r e ,  no t in c lu d e d  here .
3 . 6 .3 .3  I n te r c e p to r  V alv es
The i n t e r c e p t o r  v a lv e s  and t h e i r  c o n t ro l  w ere not in c lu d e d  i n
th e  models used h e re  because t h e i r  a c t i o n  i s  no rm ally  r e s t r i c t e d
93to  l i m i t i n g  o v e r s p e e d  i n  l o a d  r e j e c t i o n  s i t u a t i o n s ^  and ' f a s t
Q ll
v a lv in g '  t o  im p ro v e  t r a n s i e n t  s t a b i l i t y .  ( F a s t  v a l v i n g  i s  th e
term  a p p l ie d  to  th e  use of s p e c ia l  h y d ra u l i c  components t o  e f f e c t
r a p id  movement of the  i n t e r c e p t o r  and, p o s s ib ly ,  governor v a lv e s ,
on t h e  d e t e c t i o n  o f  a pow er s y s te m  f a u l t ,  u s u a l l y  by m eans o f  an
95 96a c c e l e r a t i o n  s i g n a l .  * ) I t s  c o n t r i b u t i o n  to  s y s te m  f r e q u e n c y
r e g u l a t i o n  i s ,  t h e r e f o r e ,  in f r e q u e n t  and r a t h e r  u n p r e d ic ta b l e  and
i t s  i n c l u s i o n  h e re  would not be b e n e f i c i a l .  Use o f  the  i n t e r c e p t o r
v a lv e  f o r  n o rm a l  g o v e r n in g  c o u ld  i n c r e a s e  t h e  s p i n n i n g  r e s e r v e
97c a p a b i l i t y  o f  a u n i t .  H ow ever, t h i s  w o u ld  r e s u l t  i n  a l o s s  o f  
e f f i c i e n c y  and i s ,  t h e r e f o r e ,  not common p r a c t ic e .
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3 .6 .3 .4  Range o f  V a l id i ty
The model used should  be v a l i d  over a range of a t  l e a s t  50 to  
100$ o f  f u l l  lo a d .  The r a n g e  o f  v a l i d i t y  o f  l i n e a r i s e d  m o d e ls  i s  
no t s u f f i c i e n t  and  a n o n - l i n e a r  m odel m ust be em p lo y ed .  T h i s  i s  
n o t  a problem because n o n - l i n e a r  e q u a t io n s  o f t e n  r e l a t e  c l e a r l y  
t o  t h e  p h y s i c a l  p r o p e r t i e s  o f  t h e  p l a n t  c o m p o n e n ts  and c a n  be 
implemented q u i t e  e a s i l y  on a com puter-based  s im u la to r .
3 .6 .4  B o ile r  Models
A number of very  d e t a i l e d  m odels  u s in g  100 e q u a t io n s  or more
a r e  a v a i l a b l e  to  d e s c r ib e  the dynamic behav iour o f  l a r g e  b o i l e r s ,
Q8 QQsee f o r  ex a m p le  Kwan^ and Armor . These and  o t h e r  d e t a i l e d
models o f  p a r t s  o f  t h e  p l a n t  s u c h  a s  t h e  c o a l  m i l l i n g
e q u ip m e n t ,^ ®  f e e d  w a t e r  system**0  ^ and d r a u g h t  p l a n t ^ 2 a r e
in te n d e d  f o r  use i n  the  developm ent of b o i l e r  c o n t r o l s  and a re  to o
complex f o r  power system response  s im u la t io n .
B o i l e r  s im u l a to r s  have been c o n s t ru c te d  f o r  the  p u rposes  o f  
103 1 04o p e ra to r  t r a i n i n g ,  * b u t  t h e s e  a r e  u n s u i t a b l e  f o r  t h i s  
(a p p l ic a t io n  because the e x p e r t i s e  of a f u l l y - t r a i n e d  o p e r a to r  i s  
r e q u i r e d  to  com plete  a model of b o i l e r  response .
Some of the p u b l i sh e d  models d e s c r ib e  1o n ce - th ro u g h 1 d e s ig n s  
u s u a l ly  in te n d e d  f o r  s u p e r c r i t i c a l  steam  c o n d i t io n s .  These a r e  not 
d i r e c t l y  a p p l i c a b l e  i n  t h i s  s tu d y  b e c a u s e  t h e r e  i s  o n ly  one 
b o i l e r - t u r b i n e  u n i t  (300MW) o f  t h i s  type  i n  th e  UK.®^
44The b o i l e r  models used to  study  th e  re sp o n se  o f  th e  UK and 
50 6 oUSA' ** s y s t e m s  a r e  r o u g h ly  s i m i l a r  and i t  h a s  b een  shown t h a t
b o i l e r  m o d e ls  o f  a p p a r e n t l y  q u i t e  d i f f e r e n t  s t r u c t u r e  can  be
105e s s e n t i a l l y  e q u iv a le n t .
3 .6 .5  A Thermal P la n t  Model f o r  P re lim in a ry  T e s ts  o f  th e  S im u la to r
A s im p le  n o n - l i n e a r  b o i l e r  model of a 160MW b o i l e r - t u r b i n e
106u n i t  developed  by Astrom and Eklund was used i n  e a r l i e r  work a t
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Glasgow U n iv e r s i ty  by Thompson.107 T h is  model i s  based on p h y s ic a l  
p r i n c i p l e s  w i th  one d i f f e r e n t i a l  e q u a t io n  to  d e s c r ib e  the  r a t e  o f  
change of b o i l e r  drum p re s s u re :
f t  = -  a 1(u 2p5 /8  -  aj)) + 3.1
where p i s  t h e  drum p r e s s u r e ,  u  ^ i s  t h e  f u e l  i n p u t ,  u2 i s  t h e  
governor v a l v e  p o s i t i o n  and u^ i s  t h e  f e e d w a t e r  f lo w .  a r e
c o n s ta n t s  d e r i v e d  f ro m  e x p e r i m e n t s  on t h e  p l a n t .  Thompson ad d ed  
r e p r e s e n t a t i o n s  of the o i l  f u e l  and f e e d  w a te r  c i r c u i t s  and t h e i r  
c o n t r o l l e r s .  Both c i r c u i t s  w ere  d e s c r ib e d  by f i r s t - o r d e r  l a g s  and 
the  c o n t r o l l e r s  w e re  o f  p r o p o r t i o n a l - p l u s - i n t e g r a l  fo rm .  The 
b o i l e r  drum l e v e l  w as o b t a i n e d  by i n t e g r a t i n g  t h e  d i f f e r e n c e  
between th e  fe e d  w a te r  and steam flow r a t e s .
Two a l g e b r a i c  r e l a t i o n s h i p s  w ere  used by Astrom to  d e r iv e  the  
t u r b in e  o u t p u t  pow er and b o i l e r  s te a m  f lo w .  Thompson r e p l a c e d  
th e s e  by a more d e t a i l e d  r e p r e s e n t a t i o n  of  the  tu rb in e  s i m i l a r  to  
th a t  d e s c r ib e d  below i n  S e c t io n  3 . 6 .6 . 7 .
Astrom assumed a l i n e a r  r e l a t i o n s h i p  between governor v a lv e  
p o s i t i o n  and steam f low , and so Thompson was a b le  t o  in c o r p o r a te  a 
more d e t a i l e d  g o v e r n o r  v a l v e  d e s c r i p t i o n  by r e p l a c i n g  u 2 i n  
E qua tion  3.1 w i th  a v a r i a b l e  u^ w hich was the  per u n i t  s team  flow. 
The e q u a t i o n  u s e d  (3«12) i s  g iv e n  i n  below  i n  S e c t i o n  3-6 .6 .6 .
This b o i l e r - t u r b i n e  model was used i n  e a r ly  v e r s io n s  o f  the
power s y s te m  s i m u l a t o r  f o r  t h e  p u r p o s e s  o f  e s t a b l i s h i n g  th e
f e a s i b i l i t y  o f  th e  t e c h n i q u e  f o r  o n - l i n e  s t u d i e s .  A s im p l e
d e s c r i p t i o n  o f  t h e  g o v e r n o r  v a l v e  w as  r e - i n s t a t e d  i n  o r d e r  to
remove th e  c o m p u t a t i o n a l  b u rd e n  a s s o c i a t e d  w i t h  th e  e l a b o r a t e
107e x p re s s io n  used by Thompson. Although adequate  f o r  p re l im in a ry  
t e s t s ,  t h i s  th e rm a l p l a n t  model proved u n s a t i s f a c t o r y  i n  t h a t  i t s  
form was no t s u i t e d  to  th e  s e l e c t i o n  o f  a l t e r n a t i v e  p a ra m e te rs  and 
a d a p t io n  to  r e p r e s e n t  o th e r  p la n t .  The r e s u l t s  of t e s t s  u s in g  t h i s
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model a re  p re s e n te d  i n  C hapter *1 and th e  e q u a t io n s  and n um erica l
d a ta  used a r e  l i s t e d  i n  f u l l  i n  Appendix 2.
3 .6 .6  A More F le x ib le  Thermal P la n t  Model
L a te r  v e r s io n s  of the power system s im u la to r  used a th e rm al
p la n t  m odel b a s e d  on t h a t  u s e d  by th e  CEGB i n  s y s te m  r e s p o n s e  
2 44s t u d i e s  1 a n d  i n  e a r l i e r  w o r k  a t  G la s g o w  U n i v e r s i t y  by 
108A itken .  Although the  tu rb in e  s e c t i o n  was s u b s t a n t i a l l y  s i m i l a r ,
t h i s  model o f f e r e d  a number of a d v an tag es  over t h a t  d e s c r ib e d  i n
th e  p r e v i o u s  s e c t i o n .  The c o m p o n e n ts  o f  t h e  b o i l e r  w e re  more
r e a d i l y  i d e n t i f i e d  a l lo w in g  more f l e x i b l e  s e l e c t i o n  of p a ram ete rs .
The m odel a l s o  p ro v e d  t o  h a v e  a g r e a t e r  a b i l i t y  t o  cope w i t h
extrem e d i s t u r b a n c e s  m a k in g  th e  s i m u l a t o r  m ore  r o b u s t  i n  i t s
o p e ra t io n .  Where a s p e c i f i c  source  of d a ta  i s  no t in d i c a t e d  below,
1 oftthe  v a l u e s  u s e d  w ere  o b t a i n e d  by A i tk e n  f ro m  NSHEB s t a f f .  I n  
th e  f i n a l  e q u a t io n  s e t ,  a l l  v a r i a b l e s  a r e  n o rm a l ise d  w i th  r e s p e c t  
t o  f u l l  lo a d  v a lu e s .
The b o i l e r  m odel u s e d  by t h e  CEGB f o r  s y s te m  r e s p o n s e
s t u d i e s  i s  o u t l i n e d  by th e  b lo c k  d ia g ra m  i n  F i g u r e  3 .3 . The
components o f  t h e  f u e l  f e e d  s y s t e m  m o d e l  do n o t  d i r e c t l y  
co rrespond  to  p a r t i c u l a r  i t e m s  o f  p l a n t  b u t  th e y  a r e  c h o s e n  t o  
have an  o v e r a l l  r e s p o n s e  c h a r a c t e r i s t i c  s i m i l a r  t o  t h a t  o f  t h e  
r e a l  p la n t  a u x i l i a r i e s .
3 .6 .6 .1  M aster P re s su re  C o n tro l
The drum p r e s s u r e  e r r o r ,  p i s  t h e  d i f f e r e n c e  b e tw e e n  th e  
b o i l e r  p re s s u re ,  p. and a s e t - p o i n t ,  p ( 1pu):
D S
P = P -  Pv 3*2*e *s * d
The i n t e g r a l  term of the  p re s s u re  c o n t r o l l e r  i s  d e s c r ib e d  by
a t  = k 1 pe 3 -3
where y i s  th e  o u tp u t  of th e  i n t e g r a t o r .  The m a s te r  f i r i n g  c o n t ro l  
s ig n a l ,  M i s  g iven  by
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M = y + k2 pe 3. 4
T his  s i g n a l  i s  l i m i t e d  t o  0.2 t o  1.2pu. A i tk e n  fo u n d  r e a s o n a b l e  
v a lu e s  o f  k^ and k2 t o  be 0 .015  and 5.0 r e s p e c t i v e l y .  D e r i v a t i v e  
a c t i o n  i s  n o t  n o r m a l ly  i n c l u d e d  i n  a m a s t e r  p r e s s u r e  c o n t r o l l e r  
due to  u n s a t i s f a c t o r y  o p e ra t io n  i n  p r a c t i c e  because of s h o r t  p la n t  
l a g s  and dead t i m e s j ^
3 . 6 . 6 .2  F uel Feed System
M odelling  th e  f u e l  feed  system i n  a g e n e ra l  way i s  d i f f i c u l t  
because the  i n s t a l l e d  equipm ent v a r i e s  c o n s id e ra b ly  from u n i t  to  
u n i t .  However, ty p i c a l  dynamic behav iour can be o b ta in e d  w i th  the  
fo l lo w in g  model.
Coal t r a n s p o r t a t i o n  to  th e  coal m i l l s  i s  d e s c r ib e d  by a  pure
time d e lay  o f  l e n g th ,  T^:
E = M e“ sTd 3.5m
where E i s  th e  c o a l  f e e d  r a t e  t o  t h e  m i l l .  E i s  l i m i t e d  t o  th e  m m
range 0.001 to  1.05pu. The im p le m e n ta t io n  of  f u e l  f eed  de lay  used
i n  the  power system  s im u la to r  d i f f e r s  s l i g h t l y  from th a t  used by
th e  CEGB. I t  i s  d i f f i c u l t  t o  d e t e r m i n e  w h e th e r  a p a r t i c u l a r
d i s tu rb a n c e  would r e q u i r e  the s t a r t i n g  of a d d i t i o n a l  coal m i l l s .
In  an o f f - l i n e  s im u la t io n ,  a m i l l  s t a r t  de lay  can be m odelled  by
l i m i t i n g  E t o  a p a r t i c u l a r  v a l u e  u n t i l  a s e t  t i m e  h a s  e l a p s e d  m
fo l lo w in g  an in c r e a s e  i n  demand. In  a s im u la to r  f o r  o n - l in e  t e s t s
t h i s  i s  not p o s s ib le  because d is tu rb a n c e  e v e n ts  and power i n p u t s
80a r e  not p rede te rm ined .  A T^ v a lu e  of 60s was used to  app rox im ate  
th e  e f f e c t  o f  c o a l  f e e d  t r a n s p o r t  d e l a y  and  m i l l  s t a r t i n g  t im e  
combined over s e v e ra l  u n i t  a
The m i l l  g r i n d i n g  p r o c e s s  i s  r e p r e s e n t e d  by a  f i r s t - o r d e r
l a g :
dS1 ■ (E» -  Fi> '  TC 3 - 6
where F^ i s  t h e  f u e l  t h a t  i s  p ic k e d  up by th e  p r im a r y  a i r .  A
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s u i t a b l e  v a l u e  f o r  T i s  45s .c
There i s  some s t o r a g e  o f  p u l v e r i s e d  f u e l  i n  t h e  m i l l s  and
c o a l / a i r  p ip e s  and t h i s  i s  d e sc r ib e d  by
f d = (F1 -  Q±) /  Tn 3.7
where i s  t h e  f u e l  d e n s i t y  and Q.  ^ i s  t h e  i n p u t  t o  t h e  b o i l e r .
A s u i t a b l e  v a l u e  o f  th e  t im e  c o n s t a n t ,  T i s  2 s .  F ,  i s  a l s om a
l i m i t e d  t o  t h e  r a n g e  0. 001  t o  1.05pu.
The delay  i n  th e  f a n s  p ro v id in g  com bustion  a i r  i s  assumed to  
91be n e g l i g i b l e  and  so t h e  h e a t  i n p u t  t o  t h e  b o i l e r  i s  t h e
44p roduc t of c o n t ro l  s ig n a l  and f u e l  d e n s i t y  :
Qi =MFd 3.8
( I t  i s  assumed th a t  th e  f e e d  w a te r  e n th a lp y  i s  c o n s t a n t . )
3 . 6 . 6 .3  B o ile r  Drum
The b o i l e r  drum p re s s u re  v a r i a t i o n  i s  d e s c r ib e d  by
$ b  = <Q± -  W,) /  Tb 3.9
where W„ i s  th e  steam flow  r a t e  and a s u i t a b l e  v a lu e  f o r  th e  t im e  1
80c o n s ta n t ,  T. i s  240s .  b
3«6 . 6 .4  R e p re s e n ta tio n  o f  O i l - f i r e d  P la n t
O i l - f i r e d  p l a n t  may a l s o  be r e p r e s e n t e d  w i t h  t h i s  m odel by 
re d u c in g  t h e  f u e l  f e e d  d e l a y ,  T , and  m i l l  t i m e  c o n s t a n t s ,  T andQ C
T . The b o i l e r  t im e  c o n s t a n t ,  T, s h o u ld  a l s o  be r e d u c e d  s l i g h t l y  m b
because o i l - f i r e d  f u rn a c e s  a r e  p h y s ic a l ly  s m a l l e r  th e n  c o a l - f i r e d  
f u r n a c e s  of the same r a t i n g .
3 . 6 . 6 .5  Steam T urb ine G overnor
The governor i s  d e s c r ib e d  by th e  d i f f e r e n t i a l  e q u a t io n
d t*  = ( ( f r e f  -  V  '  \  -  ax > '  Tg 3 - 10
where T =0.1 s  and th e  governor o u tp u t ,  a i s  l i m i t e d  to  th e  range
S ^
0. 001  t o  1. 0 pu. fpgf. i s  th e  g o v e r n o r  f r e q u e n c y  r e f e r e n c e ,  f g i s
th e  system frequency  and bp i s  th e  governor droop.
The v a lv e  a c t u a t o r  e q u a t io n  i s
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H ? 2 = ( a x  -  V  '  T g v  3 - 11
where a^ i s  th e  v a lv e  p o s i t io n .  Mapy h y d r a u l i c a l ly  o p e ra te d  v a lv e s
a re  opened under o i l  p re s s u re  and c lo sed  by the  a c t i o n  of a s p r in g
and so th e y  can  be c l o s e d  v e r y  q u i c k l y  a t  th e  e x p e n s e  o f  s lo w e r
110opening . This  a sy m m e tr ic a l  govern ing  was in c lu d e d  i n  th e  model
44 01because s y s te m  t e s t  r e s u l t s  c a n n o t  o th e rw is e  be reproduced . *
For opening, T =0.1s and, f o r  c lo s in g ,  T =0.7s. A d d it io n a l  sm all  gv gv
l a g s  or a pure t im e  delay  could  be added to  th e  governor and v a lv e
110a c t u a t i o n  m odels i f  r e q u i r e d ,  bu t t h i s  was not done here.
The g o v e rn o r  d ro o p ,  b i s  n o r m a l ly  fo u n d  t o  v a r y  w i t h
Q 1
o p e r a t in g  p o i n t .  A lth o u g h  th e  o v e r a l l  d ro o p  may be 4$, th e
in c re m e n ta l  d ro o p  i s  o f t e n  lo w e r  a t  low  l o a d  l e v e l s  and  may be
v ery  l a r g e  n e a r  f u l l  l o a d  w i t h  a l m o s t  no g o v e r n o r  r e s p o n s e  t o
frequency  c h a n g e s .  A n a l y s i s  o f  s y s te m  d i s t u r b a n c e s  show s t h a t
o v e r a l l  s y s te m  r e g u l a t i o n  (d ro o p )  i s  o f t e n  much h i g h e r  th a n  th e
s p e c i f i e d  4$ b e c a u s e  many u n i t s  a r e  n o t  o p e r a t e d  w i t h  f r e e
governor ac t io n .® ^
The m odel u se d  h e r e  i s  r e p r e s e n t a t i v e  o f  a m e c h a n i c a l -
h y d ra u l ic  g o v e rn o r .  T h i s  i s  a p p r o p r i a t e  b e c a u se  t h e  m a j o r i t y  o f
steam  tu r b i n e s  i n  th e  UK have go v ern o rs  o f  t h i s  type.
The c h a r a c t e r i s t i c s  o f  e l e c t r o - h y d r a u l i c  g o v e r n o r s  a r e
b road ly  s i m i l a r  t o  t h o s e  o f  m e c h a n i c a l - h y d r a u l i c  g o v e r n o r s ,
a l th o u g h  th e  f l e x i b i l i t y  o f  e l e c t r o n i c  i m p l e m e n t a t i o n  a l l o w s
v a r io u s  f e a t u r e s  t o  be added . These a r e  i n t e n d e d  t o  im p ro v e  th e
r e l i a b i l i t y  and  p r o t e c t i o n  o f  th e  t u r b i n e  and  t o  p r o v id e  th e
c a p a b i l i t y  t o  i n t e r f a c e  t o  o t h e r  c o n t r o l  e q u ip m e n t .  By r e d u c i n g
th e  minimum t im e s  f o r  governor v a lv e  opening (0.25s) and c lo s in g
( 0 .1 5 s ) ,  e l e c t r o - h y r a u l i c  a c t u a t i o n  a l s o  p r o v i d e s  a f a s t e r
re sp o n se  t o  l o a d  c h a n g e s  and  i s  a b l e  t o  make a c o n t r i b u t i o n  t o
94 111g e n e ra to r  t r a n s i e n t  s t a b i l i t y .  * T h i s  i s  p a r t i c u l a r l y
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im p o r tan t  on modern s e t s  which have r e l a t i v e l y  low i n e r t i a .  With
e l e c t r o n i c  governors ,  i t  i s  p o s s ib le  t o  employ a n o n - l i n e a r  droop
c h a r a c t e r i s t i c .  For e x a m p le ,  on h i g h - m e r i t  p l a n t ,  i t  m ig h t  be
a p p r o p r ia t e  to  have no r e g u la t i o n  between th e  l i m i t s  o f  49.95 and
50.05Hz, and 4$ droop o u ts id e  th e se  l i m i t s .
3 . 6 . 6 . 6  G overnor V alv es
Modern s te a m  t u r b i n e s  n o r m a l ly  h av e  f o u r  g o v e r n o r  v a l v e s ,
each a d m i t t i n g  s te a m  t o  one  q u a d r a n t  o f  t h e  HP t u r b i n e .  B r i t i s h
p r a c t i c e  f a v o u r s  s i m u l t a n e o u s  o p e r a t i o n  o f  t h e s e  v a l v e s  g i v i n g
t h r o t t l e  c o n t r o l ,  w h e r e a s  s e q u e n t i a l  o p e n in g  ’n o z z l e 1 c o n t r o l  i s
92sometimes used i n  th e  U n ited  S t a t e s  and e lsew h ere .  Some tu r b in e s  
i n  t h e  UK have  a t h r o t t l e  c o n t r o l  a r r a n g e m e n t  b u t ,  up t o  50% 
m. c. r. (maximum c o n t i n u o u s  r a t i n g ) ,  tw o o u t  o f  f o u r  v a l v e s  a r e  
opened. Above t h i s  l e v e l ,  th e  f i r s t  p a i r  o f  v a l v e s  a r e  f u l l y  o pen  
and th e  tu rb in e  i s  c o n t r o l l e d  on th e  o th e r  two. This  a rrangem ent 
c o m p lic a te s  th e  c h a r a c t e r i s t i c  r e l a t i n g  g r i d  f r e q u e n c y  to  u n i t  
o u tp u t .
The flow  c h a r a c t e r i s t i c  of a steam v a lv e  g iv e s  r i s e  to  a non­
l i n e a r  s t e a d y - s t a t e  r e l a t i o n s h i p  betw een the steam  v a lv e  p o s i t i o n
and t h e  t u r b i n e  pow er o u tp u t .  T h i s  can  be m o d e l l e d  by th e
70 112 113fo l lo w in g  e x p re s s io n  f o r  the steam flow : ’ *
where & i s  t h e  in d e x  o f  i s e n t r o p i c  e x p a n s io n ,  R i s  th e  u n i v e r s a l
the  i n l e t  p re s s u re  and pQ i s  the o u t l e t  p re s s u re .  T h is  e x p re s s io n
between e f f e c t i v e  v a lv e  a re a ,  A, and steam flow  r a t e ,  W^, the non­
l i n e a r  d e p e n d e n c e  o f  v a l v e  a r e a  on g o v e r n o r  o u t p u t  i s  n o t  
in c lu d e d .  I n  p r a c t i c e ,  th e  o v e r a l l  r e l a t i o n  b e tw e e n  s te a m  f lo w
3.12
gas  c o n s t a n t ,  T i s  t h e  a b s o l u t e  t e m p e r a t u r e  o f  t h e  s te a m ,  p^ i s
1 07was u s e d  by Thompson. A l th o u g h  i t  d e s c r i b e s  t h e  r e l a t i o n s h i p
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r a t e  and  g o v e r n o r  o u t p u t  i s  l i n e a r i s e d  a p p r o x i m a t e l y  ( f o r  one
70v a lu e  o f  v a lv e  i n l e t  p r e s s u r e '  ) through the use o f  v a r i a b l e  r a t i o  
l e v e r s  o r  cam s i n  m e c h a n ic a l  a c t u a t i o n  and  e l e c t r i c a l  f u n c t i o n
Q ii
c i r c u i t s  i n  e l e c t r o - h y d r a u l i c  a c t u a t i o n .  ( F e e d b a c k  o f  a
measurement o f  f i r s t  t u r b i n e  s t a g e  p r e s s u r e  i s  commonly u s e d  i n  
92th e  USA. ) In  a s im u la t i o n  model, i t  i s  re a s o n a b le ,  and c e r t a i n l y  
c onven ien t ,  to  assume t h a t  a l l  n o n - l i n e a r i t y  i s  f u l l y  compensated 
and t o  o m i t  t h e s e  f e a t u r e s ,  a l t h o u g h ,  i n  f a c t ,  t h e  l i m i t e d  r a t e s  
o f  v a lv e  movement p reven t f u l l  l i n e a r i s a t i o n  d u r in g  r a p i d  changes 
i n  p o s i t i o a  With t h i s  ap p ro x im atio n ,  the  e x p re s s io n  f o r  the p e r-  
u n i t  steam flow  can be g r e a t ly  s i m p l i f i e d  t o : ^ * ^ °
Wi  = a2 Pi
A l a g  i s  used to  r e p r e s e n t  th e  steam s to ra g e  between th e  v a lv e  and
C  IT
th e  f i r s t  s tag e  of the  HP c y l in d e r :
i t 1 = (wi  -  v  '  TL 3*111
where W. and  W a r e  t h e  s te a m  f l o w s  i n t o  and  o u t  o f  t h e  s t o r a g e  1 0
114volume and  i s  i n  t h e  r a n g e  0.1 t o  0 .4 s .
A l t e r n a t iv e ly ,  n e g l e c t i n g  t h i s  l a g ,  t h e  g o v e r n o r  can  be 
c o n s id e re d  to  r e g u la t e  p r e s s u re  r a t h e r  than  flow . The p e r - u n i t  HP 
i n l e t  p r e s s u r e ,  p^ i s  t h e n  t h e  p r o d u c t  o f  t h e  b o i l e r  drum
p re s s u re ,  p^ and the p e r - u n i t  v a lv e  p o s i t i o n ,  a2<
,44,115
i . e .  P.j = 3.15
T his  s im ple  d e s c r i p t i o n  of the governor v a lv e  i s  w id e ly  used
and was chosen f o r  th e  work r e p o r te d  here .
No d ead b a n d  o r  b a c k l a s h  w as  i n c l u d e d  i n  t h e  m ode l a l t h o u g h
deadband c a u s e d  by w ear  i n  m e c h a n ic a l  g o v e r n o r s  can  l e a d  t o  v e r y
94high  e f f e c t i v e  d ro o p  a t  r a t e d  s p e e d .  L i m i t  c y c l i n g  h a s  b een  
ex p e r ien ced  on some p l a n t  a t  a ro u n d  75% m .c .r .  c a u s e d  by a 
com bination  o f  w e a r  and  a ch an g e  i n  d i r e c t i o n  o f  th e  s te a m  f o r c e  
a c t i n g  on t h e  g o v e r n o r  v a l v e s .  In  a s y s te m  r e s p o n s e  s tu d y  i t  i s
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norm ally  assumed t h a t  th e  a g g re g a te  th e rm al p la n t  re sp o n se  shows
91no e v i d e n c e  o f  b a c k l a s h .  When s e v e r a l  u n i t s  a r e  o p e r a t i n g
to g e th e r ,  the  e f f e c t s  o f  back lash  on th e  in d iv id u a l  machines tend
to  cance l o u t  when t h e i r  power o u tp u t s  a r e  summed.
3 . 6 . 6 . 7  Steam Turbine
Steam t r a n s i t  t im e s  f o r  tu rb in e  c y l in d e r s  a r e  of th e  o rd e r  of
10ms. T h i s  i s  a n e g l i g i b l e  p e r i o d  f o r  m o s t  t u r b i n e  c o n t r o l
110problem s and  so a c y l i n d e r  can  be c o n s i d e r e d  a s  a s i n g l e  u n i t .
Indeed, t h e  i n t e r m e d i a t e  and  low  p r e s s u r e  s t a g e s  o f  th e  t u r b i n e
a r e  norm ally  lumped to g e th e r  f o r  the  purposes  o f  s im u la t i o n  w i th
n e g l i g i b l e  l o s s  o f  a c c u r a c y .  Over th e  r a n g e  o f  s p e e d  and  l o a d
le v e l  of i n t e r e s t  i n  system response  s tu d ie s ,  th e  e f f i c i e n c i e s  of
the  t u r b i n e  s ta g e s  a re  ap p ro x im a te ly  c o n s ta n t  and can, th e r e f o r e ,
70 110be removed from a n o rm a l ised  model.' 9
112i
A l i n e a r  model of a steam tu r b i n e  has  been w id e ly  used i n  
a num ber o f  pow er s y s te m  s i m u l a t i o n  s t u d i e s ,  s e e ,  f o r  e x a m p le ,  
r e f e r e n c e s  5 7 t 58 , 6 8 , 75 and  94. I n  t h i s  t r a n s f e r  f u n c t i o n  
model, th e  tu rb in e  and p ipew ork steam  s to ra g e  i s  r e p r e s e n t e d  by a 
cascade of f i r s t  o rd e r  l a g s  and the s tag e  power o u tp u t s  a re  ta k en  
o f f  a t  a p p r o p r ia te  p o in ts .  However, t h i s  model does n o t  ta k e  i n t o  
acc o u n t  t h e  e f f e c t  o f  t u r b i n e  s t a g e s  on  t h e  s t a g e s  l y i n g  
upstream .
Fo llow ing  an in c r e a s e  i n  governor v a lv e  opening, th e  i n i t i a l
change i n  th e  h i g h - p r e s s u r e  t u r b i n e  o u t p u t  i s  g r e a t e r  t h a n  th e
s t e a d y - s t a t e  change .  T h i s  i s  b e c a u s e  t h e  b ack  p r e s s u r e  on t h i s
s ta g e  i n c r e a s e s  r e l a t i v e l y  s lo w ly  due t o  s te a m  s t o r a g e  i n  th e
r e h e a te r .  The i n l e t  p r e s s u r e ,  h o w e v e r ,  i n c r e a s e s  q u i c k l y  and so
the  e n t h a l p y  d ro p  a c r o s s  th e  s t a g e  i s  l a r g e r  t h a n  w hen s t e a d y -
111s t a t e  c o n d i t io n s  a r e  reached.
The e f f e c t  of t h i s  i n t e r s t a g e  co u p l in g  can be r e p r e s e n t e d  by
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th e  fo l lo w in g  e q u a t io n : ^ * ^ 0
W1 = K Jp *  -  3.16
where i s  th e  s te a m  f lo w ,  K i s  a c o n s t a n t  and  and  p^ a r e  th e
i n l e t  and  o u t l e t  p r e s s u r e s .  A num ber o f  m ore d e t a i l e d  e q u a t i o n s
110 112can be used i f  d e s i r e d .  ’
The s tag e  power ou tp u t ,  P i s  p r o p o r t io n a l  to  th e  p roduct of 
steam  flow  and e n th a lp y  drop:^ '’r , ^ ^ , ^ ^
n \ M l
3.17Pm1 = K
where i s  1.3 f o r  su p e rh e a te d  steam and K i s  a co n s ta n t .
A f te r  n o r m a l i s a t i o n ,  t h e s e  e x p r e s s i o n s  f o r  s te a m  f lo w  and 
power o u tp u t  become
1 -  HI
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where R i s  t h e  r a t i o  o f  f u l l - 1  oad r e h e a t e r  p r e s s u r e  t o  f u l l - 1  oad 
b o i l e r  drum p r e s s u r e .  A r e a s o n a b l e  a v e r a g e  v a l u e  f o r  t h i s  
pa ram ete r  i s  0.35. Modern steam u n i t s  have a r a t h e r  s m a l le r  r a t i o .
i s  th e  p ro p o r t io n  o f  th e  tu rb in e  c a p a c i ty  c o n s t i t u t e d  by th e  HP 
s ta g e  and  a s u i t a b l e  v a l u e  i s  0.2. I n  E q u a t io n  3 .18 , p r e c a u t i o n s  
a r e  ta k en  to  p rev en t th e  s im u la t io n  program f a i l i n g  i n  an a t te m p t  
to  c a l c u l a t e  the square  r o o t  of a n e g a t iv e  number.
The r e h e a t e r  i s  m odelled  a s  a s to ra g e  e lem en t w i th
2^2 = (W, -  W2) /  Tr  3 .20
where W i s  t h e  s te a m  f lo w  i n  t h e  IP /L P  s t a g e  and T^= 1 0 .0 s  f o r  
modern p la n t .  S e t t i n g  Tr =2.0s makes the o v e r a l l  behav iour t h a t  of 
n o n - re h e a t  p l a n t .  (Some l a g  i s  r e t a i n e d  b e c a u se  t h e  LP c y l i n d e r  
i t s e l f  c o n s t i t u t e s  a s i g n i f i c a n t  f r a c t i o n  o f  th e  t o t a l  s t o r a g e  
volum e.) The t r a n s p o r t  de lay  a s s o c ia t e d  w i th  th e  r e h e a t e r  pipework
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7 0has  b e e n  m o d e l l e d  by some a u t h o r s '  b u t  t h e  e f f e c t  i s  s m a l l  and 
h as  not been in c lu d e d  here .
The i n t e r m e d i a t e  and  low  p r e s s u r e  t u r b i n e  s t a g e s  t a k e n  
to g e th e r  can be co n s id e re d  a s  a condensing  tu r b i n e  where the back 
p r e s s u re  i s  so lo w ,  a t  a b o u t  0 . 1$ o f  i n l e t  p r e s s u r e ,  t h a t  i t  d o es
C r r  1 1 H
n o t a f f e c t  th e  s te a m  f lo w  th r o u g h  th e  c y l i n d e r .  1 The 
n o rm alised  e q u a t io n  f o r  IP/LP steam flow  i s ,  t h e r e f o r e ,  s im ply :
W2 = P2 3.21
C a lc u la t io n  o f  e n t h a l p y  d r o p  f o r  t h e  I P / L P  s t a g e  i s  
com plica ted  because the  steam becomes w e t i n  t r a n s i t  th rough t h i s  
s ta g e .  H owever, t h e  pow er o u t p u t  f ro m  th e  s t a g e ,  Pm2 i s  fo u n d  t o
C r r  « <n
be a p p ro x im a te ly  p r o p o r t io n a l  to  the steam flow , * so, i n  p e r -  
u n i t  te rm s :
■ (1 -  V  «2 3*22
The impedance of the steam p ip in g  has  been n e g le c te d  i n  t h i s
b o i l e r - t u r b i n e  model because i t  i s  sm a ll  when compared w i th  t h a t
01
of th e  p a r t i a l l y - c l o s e d  g o v e r n o r  v a l v e .  The s u p e r h e a t e r  i s ,
t h e r e f o r e ,  not r e p re s e n te d .
I t  i s  a l s o  a s su m e d  t h a t  t h e  s te a m  b le d  f ro m  t h e  v a r i o u s
t u r b i n e  s t a g e s  r e m a i n s  a f i x e d  p e r c e n t a g e  o f  th e  s te a m  f lo w  and
112can, t h e r e f o r e ,  be o m itted  from a no rm alised  model.
A num ber o f  o t h e r  a u t h o r s  h av e  u s e d  th e  t u r b i n e  m ode l 
d e s c r ib e d  i n  t h i s  s e c t i o n  w i t h  v a r i o u s  m in o r  a l t e r a t i o n s  and  
a d d i t i o n s . ^
3 .6 .7  The E f f e c t  o f  Low System Frequency on A u x ilia ry  P la n t
Prolonged p e r io d s  o f  under-f req u en cy  can l e a d  to  a r e d u c t io n
i n  o u t p u t  f rom  th e r m a l  g e n e r a t i o n  w hen t h e  p e r f o r m a n c e  of
8 ^e l e c t r i c a l l y - p o w e r e d  a u x i l i a r y  p l a n t  i s  i m p a i r e d .  0 H ow ever, f o r  
f req u en cy  e x c u r s i o n s  l i m i t e d  t o  p e r h a p s  2 $ , e x c e s s  a u x i l i a r y  
c a p a c i ty  i s  n o r m a l ly  s u f f i c i e n t  t o  m a i n t a i n  t h e  r e q u i r e d  pow er
5 6
11 Ao u tp u t .  T h i s  e f f e c t  w as ,  t h e r e f o r e ,  n o t  i n c l u d e d  i n  t h e  power
p la n t  m odels used i n  t h i s  study.
3 .6 .8  C o -o rd in a ted  B o i l e r - tu r b in e  C o n tro l Schemes
The above model d e s c r ib e s  a b o i l e r - f  o i l  o w in g - tu rb in e  mode of
o p e r a t io n  w i t h  f r e e  g o v e r n o r  a c t i o n  w h ic h  i n  many w ays i s  no
lo n g e r  ty p i c a l  of a l l  the rm a l p la n t  i n  th e  UK. Many u n i t s  o p e ra te
under p re s s u re  c o n t ro l  where the  governor v a lv e  i s  h e ld  open and
the t u r b i n e  o u t p u t  i s  c o n t r o l l e d  by v a r y i n g  th e  f i r i n g  t o  th e
b o i l e r  and a l l o w i n g  t h e  drum p r e s s u r e  to  v a ry  w i th  lo a d .  T h is
1 t u r b i n e - f o l l o w i n g - b o i l e r ’ mode i s  o f t e n  a c h i e v e d  u n d e r  e n t i r e l y
manual c o n t ro l  a l though  some a u to m a t ic  c o n t ro l  schemes have been
developed  to  s u p p o r t  t h i s  t u r b i n e - f o i l o w i n g - b o i l e r  o r  ' s l i d i n g
p r e s s u r e '  mode of o p e ra t io n .  F eed -fo rw ard  c o n t ro l  of b o i l e r  f i r i n g
d i r e c t l y  f ro m  f r e q u e n c y  d i s t u r b a n c e  h a s  been  s u g g e s t e d  b u t ,
because of th e  phase l a g  a s s o c i a t e d  w i th  the  slow m i l l  and b o i l e r
dynamics, su ch  c o n t r o l  h a s  a d e - s t a b i l i s i n g  e f f e c t  on th e  g r i d  
74 11 qsystem ' 9 and so w id esp read  im p le m e n ta t io n  i s  no t d e s i r a b le .
S l id in g  p r e s s u r e  sc h e m e s  u n d o u b te d ly  r e d u c e  th e  im m e d i a t e
re sp o n se  c a p a b i l i t y  o f  a b o i l e r - t u r b i n e  u n i t  a l t h o u g h  th e y  a r e
co n v en ien t  f o r  the p la n t  o p e r a to r s  and in c r e a s e  th e  e f f i c i e n c y  of
th e  u n i t .  B ecau se  o f  t h e  l o n g  m i l l  and b o i l e r  t i m e  c o n s t a n t s  o f
c o a l - f i r e d  p l a n t ,  a n  i m m e d i a t e  r e s p o n s e  can  o n ly  be p r o v id e d  by
7 8making use of energy s to r e d  i n  th e  b o i l e r  and t h i s  i s  im p o s s ib le
i f  the governor v a lv e s  a r e  a l re a d y  f u l l y  open. There i s  u l t i m a t e l y
a c o n f l i c t  b e tw e e n  t h e  o b j e c t i v e s  o f  e l e c t r i c i t y  p r o d u c t i o n  a t
maximum e f f i c i e n c y  and s a t i s f a c t o r y  c o n t ro l  of the power system.
R e -a p p ra is a l  o f  b o i l e r - t u r b i n e  c o n t r o l  h a s  becom e n e c e s s a r y
p a r t i c u l a r l y  a s  m odern  b o i l e r s  s t o r e  l e s s  e n e rg y  i n  r e l a t i o n  t o
1 09t h e i r  s i z e  t h a n  o l d e r  p l a n t  b u t  t h e  g o v e rn o r  i s  an  i n h e r e n t  
p a r t  o f  a t u r b i n e  and  m o d i f i c a t i o n s  w o u ld  be v e r y  e x p e n s iv e .
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Recent a p p r o a c h e s  t o  t h i s  p ro b le m  have  f o c u s s e d  on c o - o r d i n a t e d
b o i l  e r - t u r  bine c o n t r o l  s c h e m e s  u s u a l l y  i m p l e m e n t e d  o n
4. 7 8 ,8 5 ,9 2 ,1 0 9  T *com puters. ’ I n  some r e s p e c t s  t h e s e  sch em e s  a r e  a
compromise b e tw e e n  th e  s y s te m  o p e r a t o r ' s  d e s i r e  t o  o b t a i n  th e
maximum r e s p o n s e  f ro m  th e  t h e r m a l  p l a n t  and  t h e  need  t o  p r o t e c t
the  b o i l e r  f ro m  l a r g e  drum p r e s s u r e  an d  l e v e l  e x c u s i o n s  w i t h
a t t e n d a n t  r i s k  o f  fu rn a c e  tube f a i l u r e  and w a te r  c a r ry -o v e r  to  th e
tu rb in e .  The g o v e r n o r  r e m a i n s  c o n n e c te d  and  i s  a v a i l a b l e  i n  th e
ev en t of problem s w i th  the  c o -o rd in a te d  c o n t ro l  equipment.
One p a r t i c u l a r  schem e f o r  c o - o r d i n a t e d  ' u n i t '  c o n t r o l  o f
b o i l  e r - t u r  b ine p l a n t  h a s  been  a p p l i e d  s u c c e s s f u l l y  t o  a 120MW
c o a l - f i r e d  u n i t  a t  R u g e ley  A pow er s t a t i o n  and  on a  5 0 0 MW o i l -
f i r e d  u n i t  a t  F aw ley  pow er s t a t i o n . ^ '  ^ ^  ^ ^  ^ A ' p r e s s u r e -
govern ing ' l o o p  m a i n t a i n s  th e  b o i l e r  p r e s s u r e  a t  a s e t  v a l u e  by
o p e r a t in g  th e  speeder motor to  open or c lo se  th e  governor v a lv es .
The t a s k  o f  th e  o t h e r  b o i l e r  c o n t r o l  l o o p s ,  n o t a b l y  t h o s e
r e g u l a t i n g  th e  b o i l e r  drum l e v e l  and f i n a l  steam te m p e ra tu re ,  i s
112made e a s i e r  when the drum p re s s u re  i s  t i g h t l y  c o n t ro l le d .
Frequency r e g u l a t i o n  i s  o b t a i n e d  i n  t h e  f i r s t  few  m i n u te s
f o l lo w in g  a d is tu rb a n c e  by u s in g  energy  s to r e d  i n  the b o i l e r  which
i s  made a v a i l a b l e  by m o d i f y in g  t h e  s e t - p o i n t  o f  t h e  p r e s s u r e
governor  lo o p .  As w i t h  t r a d i t i o n a l  o p e r a t i o n ,  t h e  f i r s t  r e s p o n s e
comes from the  m echan ical tu rb in e  speed governor, w ith  subsequent
c o n t ro l  v i a  the p re s su re  s e t - p o i n t  c o n t r o l l e r .  In  th e  lo n g e r  term ,
r e g u l a t i o n  i s  o b t a i n e d  by c h a n g in g  t h e  f i r i n g  s i g n a l  to  t h e
b o i l e r .  When th e  u n i t  o u t p u t  i s  i n c r e a s e d  w i t h  no n e t  ch an g e  i n
b o i l e r  p r e s s u r e ,  t h e r e  i s  an  i n c r e a s e  i n  e n e rg y  s t o r e d  i n  t h e
10Qb o i l e r  and  th e  m i l l s .  D u r in g  an  i n c r e a s e  i n  l o a d ,  th e  f u e l  
in p u t  t o  t h e  b o i l e r  m u s t  be g r e a t e r  t h a n  i t s  f i n a l  v a l u e ,  so 
' o v e r - f i r i n g '  o f  th e  b o i l e r  i s  u sed  t o  a v o id  a s h o r t f a l l  i n
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g e n e ra te d  power.
T h is  b o i l e r - t u r b i n e  c o n t ro l  scheme a c h ie v e s  a h ig h e r  degree 
of s y s te m  s t a b i l i t y  th a n  i s  common w i t h  c o n v e n t i o n a l  b o i l e r  
p r e s s u re  c o n t r o l  w h ic h  i s  o f t e n  n o t  c a p a b le  o f  c o p in g  w i t h
i i g
i s o l a t e d  c o n d i t i o n s .  T h is  s u g g e s t s  t h a t  a l t h o u g h  th e  p r e s e n t  
o p e r a t io n  o f  th e  g r i d  s y s te m  i s  s a t i s f a c t o r y ,  some f r e q u e n c y  
d i s tu r b a n c e s  a re  u n n e c e s s a r i ly  la rg e .
C o -o rd in a ted  c o n t ro l  schemes have appeared  i n  some s im u la t io n  
60 120s t u d i e s ,  ' b u t  th e  s t a t u s  o f  t h e s e  sc h e m e s  i n  t h e  UK i s  
u n c e r t a in  and d i s c u s s io n  w i th  the  CEGB in d i c a t e d  t h a t  m o d e l l in g  o f  
such c o n t ro l  f o r  system resp o n se  s tu d i e s  h as  no t y e t  been c a r r i e d  
out. F o llo w in g  th e  com p le tio n  o f  th e  mixed h y d ro - th e rm a l  system 
t e s t s ,  w h ic h  a r e  r e p o r t e d  i n  C h a p te r  6 and  u s e d  th e  c o a l - f i r e d  
p la n t  m odel d e s c r i b e d  ab o v e ,  a w o r t h w h i l e  n e x t  s t e p  w o u ld  be a 
s tudy  o f  c o - o r d i n a t e d  c o n t r o l  s c h e m e s  a l o n g s i d e  h y d r o - t u r b i n e  
p la n t .  A l t h o u g h  som e p r e l i m i n a r y  w o rk  w a s  d o n e  on t h e  
im p lem en ta t io n  o f  a m odel o f  t h i s  ty p e  o f  c o n t r o l ,  i t  w as  n o t  
p o s s i b le  to  use i t  f o r  o n - l in e  t e s t s .
3 .7  THE VARIATION OF CONSUMER DEMAND WITH FREQUENCY
C om paratively  l i t t l e  i s  known a b o u t  t h e  b e h a v i o u r  o f  pow er 
system  l o a d s  w i t h  c h a n g in g  f r e q u e n c y ,  b u t  a l i n e a r  one p e r c e n t  
in c r e a s e  i n  r e a l  pow er l o a d  f o r  e v e ry  p e r c e n t  i n c r e a s e  i n  
f requency  i s  commonly a s su m e d  f o r  l a r g e  s y s t e m s  i n  a num ber o f  
c o u n t r i e s ^ * ^  ^  a l t h o u g h  s o m e  s o u r c e s  h a v e
su g g es ted  a h ig h e r  f i g u r e .  ^ ^ 22 This  i s  e q u iv a le n t  t o  2%/Hz i n
a  50Hz system. The e f f e c t  i s  o f  s ig n i f i c a n c e  to  system  response ,  
p a r t i c u l a r l y  i n  sy s tem s  w i th  low i n e r t i a  and m a rg in a l  s t a b i l i t y ,  
because lo a d  i n c r e a s e s  w i th  frequency  c o n t r i b u te  p o s i t i v e  damping 
b e n e f i c i a l  to  system s t a b i l i t y .
T h is  v a r i a t i o n  o f  th e  lo a d  w i th  frequency  can be d e s c r ib e d  by
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where P i s  th e  lo a d  power, f  i s  frequency  and kf  i s  th e  lo a d  s e l f -
r e q u l a t i o n  f a c t o r .  B erg123,124 p re s e n ts  ty p ic a l  v a lu e s  o f  kf  f o r  a
few ty p e s  o f  lo a d  o f te n  encountered  i n  p r a c t i c e :
F ilam en t lamp 0.0
F lu o re sc e n t  lamp - 1 .0
H ea te r  0 .0
In d u c t io n  motor, h a l f  lo a d  1.5
In d u c t io n  motor, f u l l  load  2 .8
R eduction  fu rn ace  - 0 .5
Aluminium p la n t  - 0 .3
I n d iv id u a l  a r e a s  may e x h i b i t  v a l u e s  b o th  l o w e r  and h i g h e r
th a n  2^ /H z d e p e n d in g  on th e  r e l a t i v e  p re d o m in a n c e  o f  m o to r  and
impedance lo a d s  i n  t h a t  l o c a l i t y .^ 3 *123
Measurements o f  t h e  o v e r a l l  s y t e m  1 o a d / f  r  eq u e n  cy
c h a r a c t e r i s t i c  a r e  e l u s i v e  b ec a u se  th e  e f f e c t  i s  d i f f i c u l t  to
s e p a r a t e  from  th a t  of the governor droop c h a r a c t e r i s t i c s  r e l a t i n g
122g e n e ra te d  power to  frequency . Large g e n e ra t io n  l o s s  i n c id e n t s ,  
the  u su a l  b a s i s  f o r  e s t im a te s ,  p re se n t  a p ic tu r e  which i s  confused 
by t h e  e f f e c t s  o f  s y s te m  i n e r t i a  and a c c o m p an y in g  v o l t a g e  
d e p r e s s io n s .^ 2^ H ow ever, a v a i l a b l e  r e s u l t s  do s u p p o r t  a 2$/Hz 
v a r i a t i o n ^ 22 , w h ich  i s  an  i n t e r m e d i a t e  v a l u e  from  a s t a b i l i t y  
p o in t  o f  v ie w .
2 44I n  l i n e  w i t h  CEGB s y s t e m  r e s p o n s e  s t u d i e s ,  9 a 
lo a d / f r e q u e n c y  v a r i a t i o n  o f  2%/Ez i . e .  k^ = 1.0  w as u sed  i n  th e  
s im u la to r .  T h is  i s  a conven ien t v a lue  to  use because i t  e q u a te s  to  
a  c o n s t a n t  e l e c t r i c a l  l o a d  t o r q u e  f o r  f r e q u e n c i e s  a ro u n d  50Hz. 
That t h i s  i s  so e s t a b l i s h e d  by th e  f o l l o w i n g  w h e re  P i s  pow er,  T
i s  to rq u e  and f  i s  f req u en cy :
P = T<o= 2trTf 3 .24
so dP = 2-nfdT + 2-rrTdf 3*25
b u t ,  f o r  kf = l .O ,  = 3.27
30 ^  = 0 3 .2 8
That i s ,  th e  f r a c t i o n a l  change of to rq u e  i s  z e ro .
I f  t h e  l o a d  demand i s  a t  50Hz and P^ a t  a f r e q u e n c y ,  f ,
th en  PL = PD + dP 3*29
N o rm a lis in g  A ,  = | d  + f 6 -*D 3 .3 0
o o D o
= pD ( 1 + I *  ) 3.31
o I)
where P^ i s  th e  chosen system MW n o rm a l is a t io n  base, h e re  equal to  
the  t o t a l  system c a p a c i ty .
So P£ = PJ ( 1 + &  ) 3.32
= P  ^ f  f  <3f 3.33
= PJ, f' 3.34
where, f o r  c l a r i t y ,  * deno tes  a p e r - u n i t  q u a n t i ty .  So, i n  p e r - u n i t
term s, th e  a c t u a l  lo a d  i s  n u m e rica l ly  equal to  th e  demand a t  50Hz 
m u l t i p l i e d  by the  a c t u a l  system frequency.
3 .8  THE EQUIVALENT MACHINE MODEL OF THE INTERCONNECTED GENERATORS
S tu d ie s  o f  e l e c t r i c a l  t r a n s i e n t  s t a b i l i t y  and g e n e r a t o r
dynamics r e q u i r e  th e  r e p r e s e n t a t i o n  of  in d iv id u a l  g e n e ra to r s  and
6 Qth e  e l e c t r i c a l  n e t w o r k  , b u t  t h i s  i s  n o t  n e c e s s a r y  i n  a
s im u la t i o n  o f  l o a d i n g  d i s t u r b a n c e s  i n  a power sy s te m  t h a t  i s
o
t i g h t l y  coupled  e l e c t r i c a l l y .  For such system s, th e re  i s  no need 
to  i n c o r p o r a t e  l o a d  f lo w  c a l c u l a t i o n s  b ec a u se  t h e  c h a n g e s  i n  
t r a n s m is s io n  l o s s  f o l lo w in g  a d is tu rb a n c e  a r e  q u i t e  sm all  r e l a t i v e  
to  th e  g e n e r a t i o n / lo a d  im balance. P r e d ic t io n  o f  c i r c u i t  t r i p p in g  
due t o  o v e r l o a d  i s  n o t  r e q u i r e d  i n  a s i m u l a t i o n  t h a t  i s  i n t e n d e d  
f o r  th e  s tudy  o f  governor response.
The k i n e t i c  energy , E_ (J) s to r e d  i n  th e  r o t a t i n g  componentsK
of a t u r b i n e - g e n e r a t o r  s e t  a t  a speed, W ( rad s  ) i s
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EK = i l " 2 3 .35
where I  i s  th e  moment of i n e r t i a  (kgm2) about th e  c e n t r e - l i n e .  The 
H c o n s t a n t  o f  th e  s e t  i s  th e  r a t i o  o f  a t  r a t e d  s p e e d ,  (UQ, t o  
th e  pow er r a t i n g ,  Pq (W).
H = 2 J ^ “ ° 3-36
o
N otice  t h a t  th e  s to r e d  energy and th e  H c o n s ta n t  a r e  p ro p o r t io n a l  
to  the  square  of speed. This  e x p la in s  why h y d ro - tu rb in e s  and o th e r  
low er  s p e e d  m a c h in e s  a r e  much more s e n s i t i v e  to  p r o p o r t i o n a t e
power i m b a l a n c e s  th a n  3000rpm s team  t u r b i n e s  even  though  t h e i r
r o t a t i o n a l  p a r t s  may have co n s id e ra b ly  more mass.
S t r i c t l y ,  H i s  t h e  r a t i o  o f  t o  th e  MVA r a t i n g ^ 0 and  h a s  
u n i t s  o f  MWsMVA . So f o r  a g e n e r a t o r  w i t h  a p a r t i c u l a r  H 
c o n s ta n t ,  n e g l e c t i n g  th e  r a t e d  power f a c t o r  ( t y p i c a l l y  0.8) 
r e s u l t s  i n  a 20$ u n d e r e s t i m a t e  o f  th e  s t o r e d  e n e rg y  and th e  
i n e r t i a  t im e  c o n s ta n t .  However, u n c e r ta in ty  i n  the  measurement of 
th e  i n e r t i a  of an in te r c o n n e c te d  power system makes t h i s  o m iss io n  
i n s i g n i f i c a n t .  T h i s  u n c e r t a i n t y  i s  d i s c u s s e d  f u r t h e r  i n  th e  
fo l lo w in g  s e c t i o n .
For a  d i f f e r e n c e  i n  m e c h a n ic a l  ( g e n e r a t e d )  pow er,  Pffl and
e l e c t r i c a l  ( l o a d )  pow er,  P0,
P -  P = 4 5 e 3-37m e d t
2 I 2 " d t  3 ' 38
M a n ip u la t in g  E q u a t io n s  3 .36 and 3*38 and n o rm alis in g :
pi pt
dw m -  e 
d t  ” 2Hwf
3.39
o r  d f 1 m -
d t  = 2Hf1
. p;  3 .4 0
o r ,  i n  te rm s  o f  to rque  iiw1 m -  e
d t  “ 2H
.  T4 3.41
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In  a n  i s o l a t e d  l o a d  s i m u l a t i o n ,  E q u a t io n  3.40 or 3.41 r e p r e s e n t s  
the  a l t e r n a t o r .  Ta =2H i s  o f t e n  r e f e r r e d  t o  a s  th e  a l t e r n a t o r  or 
i n e r t i a  t im e  c o n s ta n t .
For N in t e r c o n n e c t e d  g e n e ra to r s ,
EK tot = 2X^  + ” • + 3 *42
So Pm to t “ Pe t o t  = 2*1 I d ?  + . . .  + 3 *^3
I f  th e  m ach ines  a r e  e l e c t r i c a l l y  coupled, t h e i r  n o rm alised  speeds 
must be the  same, n e g le c t in g  in te n n a c h in e  o s c i l l a t i o n s
i . e .  «» = a . . .  s « '  = %  = u f 3.44
1 wo1 w oN
So Pm to t " Pe t o t  =  ^ 2*1^01 + •••  + 2I NwoN  ^ Pfe,,^ t  3#2^
P* -  p»mtot e t o t
and d t  = ( ± 1 ^ 1 ,  + . . .  + ) u . /  (Po1 + . . .  + poN) 3.46
+  •  •  •  +
and H = ^  3-47
P01 + • ••  + PoN
So th e  o v e r a l l  s y s te m  H c o n s t a n t  i s  th e  w e ig h te d  a v e ra g e  o f  th e
in d i v id u a l  machine H c o n s ta n ts ,  a s  expected  i n t u i t i v e l y ,  assuming
t h a t  th e  lo a d  h a s  z e r o  i n e r t i a .
For a s y s te m  w i t h  a r e a l  h y d r o - t u r b i n e  and s i m u l a t e d  p l a n t
c o n s i s t i n g  o f  b a s e  l o a d  ( n o n - r e g u l a t i n g )  g e n e r a t i o n  and  two
therm al u n i t s ,  th e  s in g l e  a l t e r n a t o r  eq u a t io n  i s
■ ¥ s  = ((Q P + Q ,P  , + Q „P „ -  P. ) /f  + Qh P „ y f  J  /  T 3.48 d t  n on  c1 oc1 c2 oc2 L s h on g  a
where f  a n d  f  a r e  t h e  s i m u l a t e d  s y s t e m  and  r e a l  s y s t e m  
s  g
f r e q u e n c i e s  r e s p e c t i v e l y ;  PQn, PQC  ^ and  PQC2 a r e  th e  s i m u l a t e d  
n u c le a r  and th e rm a l  p la n t  o u tp u ts  and P ^ i s  th e  measured hydro­
t u r b i n e  pow er o u t p u t .  A ll  t h e s e  q u a n t i t i e s  a r e  i n  p e r - u n i t  fo rm .
Q Q « and  Q,_ a r e  t h e  ch o se n  p r o p o r t i o n s  o f  each  p l a n t  ty p e  u c 1 c2 h





3 .8 .1  System  I n e r t i a  V alues
For a p r e d o m i n a n t l y  th e rm a l  sy s te m ,  an H v a l u e  o f  5 s  i ssy s
v a r io u s  pow er s y s t e m s  t e n d  t o  be b e tw e e n  1.3 and 3.0 t i m e s  t h i s
u n c le a r  bu t two e x p l a n t a t i o n s  have been advanced. I t  could be t h a t  
th e  i n e r t i a  o f  t h e  l o a d  c o n t r i b u t e s  v e r y  s i g n i f i c a n t l y  to  th e  
t o t a l  i n e r t i a  b u t  t r a n s i e n t  s t a b i l i t y  a n a l y s i s  o f  th e  n a t u r a l
h as  a l s o  b e e n  s u g g e s t e d  t h a t  th e  a p p a r e n t  i n c r e a s e  i n  s y s tem  
i n e r t i a  i s  due t o  a v o l t a g e  d e p re s s io n  fo l lo w in g  the d is tu rb a n c e ,  
which r e d u c e s  t h e  l o a d ,  b u t  a g a i n  t h i s  i s  n o t  s u p p o r te d  by 
t r a n s i e n t  s t a b i l i t y  a n a l y s i s .  U n d e r - e s t i m a t i o n  o f  th e  o v e r a l l
o b ta in e d  i f  t h e  s y s te m  i n e r t i a  c o n s t a n t  w as  s e t  to  10 .4 s  a t  th e  
time o f  th e  d i s t u r b a n c e  b u t  d eca y ed  e x p o n e n t i a l l y  t o  5 .2 s  w i t h  a 
tim e c o n s t a n t  o f  a b o u t  4 s .  A u t o - c o r r e l a t i o n  a n a l y s i s  o f  sy s tem  
re sp o n se  to  sm a l l  lo a d in g  f l u c t u a t i o n s  s u g g e s ts  a system i n e r t i a  
v a lu e  c l o s e  t o  t h e  t o t a l  g e n e r a t i o n  i n e r t i a .  O nly  l a r g e r  
d i s tu r b a n c e s  seem to  produce an i n e r t i a  d iscrepancy . These s tu d ie s  
s u g g e s t  t h a t  th e  a p p a re n t  in c re a s e  i n  i n e r t i a  i s  due to  some non­
l i n e a r  n e t w o r k  e f f e c t  t h a t  d o es  n o t  p e r s i s t  f o r  l o n g  and  i s  n o t  
r e p r e s e n te d  by t r a n s i e n t  s t a b i l i t y  program&
In  s y s te m  r e s p o n s e  s t u d i e s ,  th e  CEGB n o r m a l ly  use  a f i x e d  
system  i n e r t i a  c o n s ta n t  w i th  a v a lue  of 1 0 s ^  ( i .e .  an a l t e r n a t o r  
time c o n s t a n t  o f  2 0 s )  and  t h i s  f i g u r e  was u sed  f o r  th e  m ixed
re a s o n a b le .  H ow ever,  t h e  v a l u e s  o f  H o b t a i n e d  from  t e s t s  onsy s
t h e o r e t i c a l  e s t i m a t e . 8 0 ,8 9 ,1 2 5 The s o u rc e  o f  t h i s  d i s c r e p a n c y  i s
o s c i l l a t i o n s  of the power system r u l e s  ou t t h i s  p o s s i b i l i t y . ^ 2^ I t
1system  droop c e r t a i n l y  does not account f o r  the  d iscrepancy.
125Ashmole J r e p o r t e d  t h a t  a good f i t  t o  s y s tem  t e s t  d a t a  w as
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system s t u d i e s  r e p o r te d  here .
3 . 9  IMPLEMENTATION OF THE POWER SYSTEM MODEL
A s i m u l a t i o n  of the c o a l - f i r e d  p la n t  model was e s ta b l i s h e d  
u s in g  th e  E u le r  i n t e g r a t i o n  method a s  d esc r ib e d  i n  S e c t io n  2.9.3. 
A i n t e g r a t i o n  s t e p  l e n g t h  o f  0 .0 5 s  w as  fo u n d  to  be s u i t a b l e .  
EQ uations f o r  t h e  s i n g l e  a l t e r n a t o r  and s y s te m  l o a d  m o d e ls  w e re  
added to  c o m p le t e  th e  pow er s y s tem  s i m u l a t i o n .  O f f - l i n e  s t u d i e s  
showed t h a t  t h i s  m odel p ro d u c e d  r e s p o n s e s  t h a t  w e re  c o m p a ra b le  
w ith  th o se  o b ta in e d  from r e a l  system t e s t s 1*1* and i t  was concluded 
t h a t  th e  model p ro v id ed  a reasonab ly  r e a l i s t i c  s im u la t io n  of the 
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PRELIMINARY TESTS OF THE TECHNIQUE
P re l im in a ry  e v a l u a t i o n  o f  th e  power sy s tem  s i m u l a t o r  w as 
c a r r i e d  o u t  on  t h e  3 2 .5 MW h y d r o - e l e c t r i c  t u r b i n e  g e n e r a t o r s  a t  
Loch Sloy  Power S ta t i o n .  Two ty p e s  o f  t e s t  were performed: For the 
f i r s t ,  th e  e l e c t r o n i c  double d e r iv a t iv e  governor a v a i la b le  on N0.3 
machine w as  u s e d ,  w h i l e  t h e  seco n d  in v o l v e d  a te m p o ra ry  d roop  
h y d ra u l ic  g o v e r n o r  on  No.1 m a ch in e .  T h is  c h a p t e r  p r e s e n t s  th e  
r e s u l t s  o f  th e s e  t e s t s  which were in te n d e d  to  prove the  v i a b i l i t y  
of th e  s i m u l a t o r  s y s te m  and  t o  e s t a b l i s h  s e c u re  o p e r a t i n g  
p ro ced u re s .
4 .1  TESTS USING AN ELECTRONIC GOVERNOR
Due to  th e  r e l a t i v e  s i m p l i c i t y  of the  i n t e r f a c i n g  re q u ire d ,  
th e  power system  s im u la to r  was i n i t i a l l y  t e s t e d  on a h y d ro - tu rb in e  
w ith  an  e l e c t r o n i c  governor.  The m ic ro p ro cesso r  governor on Sloy 
No.3 m a c h in e  i s  e q u i p p e d  w i t h  a r a n g e  o f  a d d i t i o n a l  t e s t  i n p u t s  
and s ig n a l  o u tp u ts .  An a d d i t i o n a l  frequency  term can be i n j e c t e d  
on th e  f r o n t  panel and a tw o -w a ttm e te r  measurement of g en e ra to r  
power i s  a v a i l a b l e .  B o th  o f  t h e s e  s i g n a l s  a r e  i n  th e  fo rm  of 
ana log  v o l t a g e s .
I t  w as im p o r ta n t  t o  v e r i f y  t h a t  th e  maximum r a t e  of change of 
prime m ove r  t o r q u e  t h a t  c o u ld  be i n i t i a t e d  by i n j e c t i n g  s i g n a l s  
i n t o  t h e  e l e c t r o n i c  g o v e r n o r  w as  n o t  s u f f i c i e n t l y  f a s t  t o  cause  
s i g n i f i c a n t  o s c i l l a t i o n  o f  th e  g e n e r a t o r  r o t o r  a n g le .  T h is  was 
ach ieved  by a p p ly in g  a  v o l t a g e  s te p  to  th e  t e s t  frequency  in p u t  on 
the e l e c t r o n i c  governo r  and o b se rv in g  the  e f f e c t  on the governor 
ou tp u t ,  g e n e r a t o r  pow er and m a ch in e  f r e q u e n c y .  The lo g g e d  
t r a n s i e n t s  f o r  a 1.0V s te p ,  co rre sp o n d in g  to  a frequency  change of
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0 . 5 Hz, a r e  show n i n  F i g u r e  4 .1 .  The r e s p o n s e  o f  th e  g o v e rn o r  and 
the tu r b i n e  c o r re sp o n d s  to  t h a t  f o r  a frequency  change of 0.5Hz on 
the  n a t i o n a l  g r i d .  I n  e f f e c t ,  F ig u r e  4.1 show s th e  o p e n - lo o p  
t r a n s i e n t  r e s p o n s e  of th e  double d e r iv a t iv e  governor because the 
g e n e ra to r  c o n s t i t u t e s  a  v e r y  s m a l l  p a r t  o f  th e  power sy s tem  and 
has  v e r y  l i t t l e  e f f e c t  on i t s  f r e q u e n c y .  The s l i g h t  d ip  i n  power 
ou tpu t a t  t h e  s t a r t  o f  t h e  r e s p o n s e  i s  due to  th e  e f f e c t  of th e  
w ater column i n e r t i a  d is c u s s e d  i n  S e c t io n  1.3.
The m achine f req u en cy  measurement i s  de r ived  from c u r re n t  and 
v o l ta g e  t r a n s f o r m e r s  connec ted  a t  the g e n e ra to r  te rm in a l s  and any 
s i g n i f i c a n t  r o t o r  a n g le  o s c i l l a t i o n  w i l l  appear as  a corresponding 
’ ringing* on t h i s  s i g n a l  an d  on th e  power o u tp u t .  For c o m p ar iso n ,  
F igure  4 .2  s h o w s  t h e  s a m e  s i g n a l s  a s  F i g u r e  4.1 d u r i n g  
s y n c h ro n is a t io n  o f  t h e  g e n e r a t o r  t o  t h e  g r i d .  Q u i t e  s e v e r e  
o s c i l l a t i o n  i s  e v i d e n t  on t h e  pow er and f r e q u e n c y  (sp e e d )  t r a c e s  
w ith  some s i g n  o f  a r e s p o n s e  from  th e  g o v e rn o r .  There  i s  no 
evidence of o s c i l l a t i o n  on any of the  s ig n a l s  i n  F igure  4.1 which 
i s  a s a t i s f a c t o r y  r e s u l t ,  because  i t  d em o n s tra te s  t h a t  th e re  i s  no 
coup ling  b e t w e e n  t h e  t e s t  f r e q u e n c y  i n p u t  and th e  m achine 
frequency  s i g n a l  s e e n  by th e  g o v e rn o r .  I t  a l s o  m eans t h a t  th e  
tu rb in e  to rq u e  can be a c c u r a te l y  i n f e r r e d  from the  measurement of 
g e n e ra to r  power.
4 .1 .1  T e s ts  o f  I s o l a t e d  Load O p e ra tio n
As a  f i r s t  s t e p  i n  th e  d e v e lo p m e n t  o f  th e  power sy stem
s im u la to r ,  th e  new equ ipm ent was used to  reproduce the  r e s u l t s  of
1 ^e a r l i e r  s t u d i e s  o f  i s o l a t e d  lo a d  o p e ra t io n .  By con f ig u r in g  the 
s im u la to r  to  r e p r e s e n t  a system w i th  a l t e r n a t o r  i n e r t i a  only and 
no o t h e r  g e n e r a t i o n ,  th e  t u r b i n e  w as  made to  a p p e a r  to  the  
governor a s  i f  d i s c o n n e c t e d  f r o m  t h e  g r i d .  The m o d e l  u s e d
67
c o n s is te d  o f  a  s i n g l e  a l t e r n a t o r  w i t h  a t im e  c o n s t a n t ,  Ta of 7 Os 
which i s  t h e  a p p r o p r i a t e  v a l u e  f o r  S loy  g e n e r a t o r s ,  and a 
lo a d /f r e q u e n c y  dependence of 2%/tiz i e .  a lo ad  to rque independent 
of f r e q u e n c y .
The p l o t  of i n j e c t e d  f requency ,  governor ou tpu t and g en e ra to r  
power shown i n  F ig u re  4.3 shows l i m i t  cyc le  o s c i l l a t i o n  b u ild in g  
up to  an a p p ro x im a te ly  s tead y  am plitude. This o s c i l l a t i o n  occurs  
when a t u r b i n e  o p e r a t e s  i n  i s o l a t i o n  from the r e s t  of the g r id  and 
i s  c a u s e d  by b a c k l a s h  i n  t h e  m e c h a n ic a l  l i n k a g e  b e tw ee n  th e  
governor a c t u a t o r  a n d  th e  t u r b i n e  g u id e  v an es .  F ig u r e  4 .3  a l s o  
shows t h e  e f f e c t  o f  a 4$ s t e p  i n c r e a s e  i n  demand a t  a b o u t  9 0 s and 
F igure  4.4 a c o r r e s p o n d i n g  d e c r e a s e  a l s o  a t  a b o u t  90s. I n  th e s e  
t e s t s ,  t h e  h y d r o - t u r b i n e  w as  o p e r a t i n g  a t  a ro u n d  4MW and 10MW 
r e s p e c t iv e l y .  The t u r b i n e  and governor re sp o n ses  a re  superimposed 
on th e  l i m i t  c y c l e s  and te n d  to  sh o r te n  th e  per iod  of o s c i l l a t i o n .  
The l i n k a g e  b a c k l a s h  i s  q u i t e  d i f f i c u l t  t o  model i n  an  o f f - l i n e  
s im u la t io n  an d  one a d v a n t a g e  o f  r e a l  p l a n t  t e s t  i s  t h a t  such 
e f f e c t s  a r e  a u t o m a t i c a l l y  in c lu d e d  i n  the study.
F ig u re  4.5 shows th e  re sp o n se  f o r  an 8$ in c re a se  i n  demand a t  
about 90s  and a d e c r e a s e  i n  demand of the same s iz e  a t  about 140a 
The power o u tp u t  from  th e  tu rb in e  was i n i t i a l l y  about 6.5MW. The 
e f f e c t  o f  l i m i t s  on  t h e  r a t e  o f  g o v e rn o r  s e rv o  movement can be 
seen c l e a r l y  on th e  governor ou tpu t. The maximum r a t e  of c lo su re  
i s  f u l l - s t r o k e  i n  4 s  w h e reas  t h a t  f o r  v a lv e  opening i s  20s and so 
the g o v e r n o r  i s  v e r y  much m ore  ham p ered  by th e  r a t e  l i m i t  f o r  a 
s tep  i n  t h e  l o a d i n g  d i r e c t i o n  and  th e  r e s u l t  i s  a s i g n i f i c a n t  
frequency  and power overshoo t.
These t e s t  ru n s ,  w here a s t e a d y - s t a t e  o s c i l l a t i o n  i s  p resen t,  
i l l u s t r a t e  t h e  n e e d  f o r  1 p o i n t - o f - w a v e '  s w i t c h i n g  when a s t e p
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change i n  dem and i s  a p p l i e d  i f  c o n s i s t e n t  r e s u l t s  a r e  to  be 
ob ta ined . I t  i s  b e s t  t o  app ly  a s te p  i n  the  lo a d in g  d i r e c t i o n  when 
the  pow er o u t p u t  r e a c h e s  i t s  l o w e s t  v a l u e  i n  t h e  l i m i t  c y c l e  
o s c i l l a t i o n  a n d  v i c e  v e r s a .  I f  t h i s  i s  n o t  done, th e  deadband  i n  
the  g o v e r n o r  l i n k a g e  t e n d s  t o  a b s o r b  a p r o p o r t i o n  o f  t h e  
g o v erno r’ s  r e s p o n se  to  the  d is tu rb a n c e .
D uring  t h e s e  t e s t s ,  no a t t e m p t  w as made to  p r e v e n t  th e  
governor r e s p o n d i n g  t o  g e n u in e  g r i d  f r e q u e n c y  f l u c t u a t i o n s  b u t  
th e se  a r e  n e g l i g i b l e  compared w i th  the  l a r g e  s ig n a l s  i n j e c t e d  when 
i s o l a t e d  o p e r a t i o n  i s  s i m u l a t e d .  The g r i d  f r e q u e n c y  i n  f a c t  
remained r e a s o n a b ly  c o n s ta n t  th roughou t a l l  of these  runs.
When t e s t s  a r e  c o n d u c te d  on h y d r o - t u r b i n e  p l a n t ,  i t  i s  
im p o r tan t  t o  e n s u r e  t h a t  t h e  d i s t u r b a n c e s  do n o t  e x c i t e  
’waterhammer1 p r e s s u r e  w a v e s  i n  th e  p i p e l i n e .  The f r e q u e n c y  of 
o s c i l l a t i o n  i n v o l v e d  i n  i s o l a t e d  l o a d  o p e r a t i o n  i s  a b o u t  0.05Hz 
which i s  much lo w e r  th a n  th e  lo w e s t  waterhammer frequency a t  Sloy 
which i s  a p p r o x i m a t e l y  0.37Hz. I t  i s  a l s o  w e l l  above  th e  mass 
o s c i l l a t i o n  f r e q u e n c y  o f  t h e  w a t e r  i n  th e  low p r e s s u r e  tu n n e l  
between t h e  dam and t h e  s u rg e  s h a f t  (0.004Hz). These t e s t s ,  
t h e r e f o r e ,  do no t cause  any problem s i n  the p ip e l in e  system.
The r e s u l t s  o f  t h e  s i m u l a t e d  i s o l a t i o n  t e s t s  d e s c r i b e d  i n  
t h i s  s e c t i o n  a r e  q u i t e  s i m i l a r  t o  th e  r e s u l t s  o f  r e a l  i s o l a t e d  
o p e ra t io n  t e s t s  c a r r i e d  o u t  i n  e a r l i e r  w o rk  on t h e  sam e 
machine. ^  T h is  c o n f i rm s  t h a t  the c o n f ig u ra t io n  of the s im u la to r  
and th e  governo r  i s  s u i t a b l e  f o r  o n - l in e  t e s t s .
4 .1 .2  P re lim in a ry  T e s ts  o f  a  Mixed B(ydro-thermal System
A s im p le  model of an o i l - f i r e d  b o i l e r - t u r b in e  u n i t  was used 
f o r  t h e  f i r s t  a t t e m p t s  t o  c o u p le  th e  e l e c t r o n i c a l l y - g o v e r n e d  
h y d ro - tu rb in e  t o  a t h e r m a l  p l a n t  s i m u l a t i o n .  T h is  model was
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e s t a b l i s h e d  i n  e a r l i e r  w o rk  a t  G lasgow  U n i v e r s i t y 107 and w as 
d e sc r ib e d  i n  S e c t i o n  3 .6 .5 .
In  t h e s e  p r e l i m i n a r y  t e s t s ,  t h e  s i m u l a t o r  p a r a m e te r s  w ere  
chosen s u c h  t h a t  t h e  h y d ro  an d  th e r m a l  com ponen ts  o f  th e  sy stem  
were o f  e q u a l  r a t i n g .  The b e h a v io u r  o f  th e  o i l - f i r e d  p l a n t  was 
r e p r e s e n te d  w i t h i n  the  s im u la to r  w h ile  the dynamics of the  hydro­
e l e c t r i c  component w ere  f u r n i s h e d  by th e  r e a l  p lan t.  The s im u la to r  
was c o n f i g u r e d  t o  r e p r o d u c e  th e  r e s p o n s e  o f  a power sy stem  
provided  w i t h  32.5MW o i l - f i r e d  a n d  32.5MW h y d r o - e l e c t r i c  
g e n e r a t i o a  By c h a n g i n g  t h e  v a l u e s  on  th e  p l o t  a x e s ,  th e  
r e p r e s e n t a t i o n  c o u ld  be o f  a s y s te m  w i t h  h y d ro  and th e rm a l  u n i t s  
of  660MW r a t i n g .
The s i m u l a t e d  f r e q u e n c y  t r a n s i e n t  f o r  a s t e p  i n c r e a s e  i n  
consumer dem and o f  13MW i s  shown i n  F ig u r e  4.6 t o g e t h e r  w i th  th e  
re sp o n s e s  o f  t h e  s i m u l a t e d  o i l - f i r e d  p l a n t  and th e  r e a l  h yd ro ­
e l e c t r i c  p la n t .  The i n i t i a l  the rm al and hydro power o u tp u ts  were 
20MW and 6 MW r e s p e c t i v e l y .  The p l o t s  c l e a r l y  show th e  i n i t i a l ,  
f a s t  p i c k - u p  by th e  t h e r m a l  p l a n t  f o l l o w e d  by a r e d u c t i o n  i n  
ou tpu t o nce  t h e  b o i l e r  s te a m  r e s e r v e s  h av e  been  e x h a u s te d  w h i l e  
the r e s p o n s e  from  th e  hydro component i s  s low er but su s ta in ed .  The 
frequency t r a j e c t o r y  i s  s i m i l a r  i n f o r m  to  t h a t  o f  g e n u in e  g r i d  
i n c id e n t s .
T h is  r e s u l t  w as  n o t  o b t a i n e d  a t  th e  f i r s t  a t t e m p t ,  bu t 
methods f o r  r e l i a b l e  and r e p e a ta b le  t e s t i n g  were e s ta b l i s h e d  q u i t e  
q u ic k ly  u s in g  th e  equipm ent and te ch n iq u e s  d esc r ib ed  i n  Chapter 2.
4 .1 .3  Some E x p e rim en ts  w ith  th e  S im u la to r
Once a  p r o c e d u r e  h ad  b een  d e v e lo p e d  f o r  i n c o r p o r a t i n g  r e a l  
p la n t  i n  sy stem  re sp o n s e  s tu d ie s  u s in g  the power system s im u la to r ,  
th e  e f f e c t  o f  v a r io u s  model p a ram ete r  changes were in v e s t ig a te d .
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The e x i s t i n g  o i l - f i r e d  p la n t  model used i n  th e  s im u la to r  was 
made i n t o  a c rude  r e p r e s e n t a t i o n  of c o a l - f i r e d  p la n t  by in c re a s in g  
the  t im e  c o n s ta n t  o f  th e  f i r s t - o r d e r  l a g  i n  the  fu e l  feed  sec tio n .  
I n s te a d  of the  o r i g i n a l  10s, a much l a r g e r  va lue  o f  600s was used 
to  c o r r e s p o n d  t o  t h e  t r a n s p o r t  d e l a y s  i n  th e  c o a l  h a n d l in g  and 
m i l l i n g  equipm ent. T h is  h a s  only  a sm all e f f e c t  on the  response  in  
the  f i r s t  120s (F ig u re  4.7) w ith  a s l i g h t l y  g r e a t e r  f a l l  i n  outpu t 
from th e  s te a m  t u r b i n e  and  a l o w e r  f r e q u e n c y  o f  49.57Hz r a t h e r  
than  49.69Hz a t  120s. The d r a w n -o u t  n a t u r e  of th e  r e s p o n s e  a f t e r  
the  i n i t i a l  t r a n s i e n t  i s  e v id e n t  i n  F igu re  4.8 where the t e s t  has 
been p l o t t e d  o v e r  a  much l o n g e r  t im e  s c a l e .  The th e rm a l  p l a n t  
re sp o n se  f a l l s  o f f  d r a m a t i c a l l y  b e f o r e  th e  f u e l  f e e d  to  th e  
fu rn a c e  c a n  be i n c r e a s e d .  T h is  ty p e  o f  r e s p o n s e  i s  t y p i c a l  of 
c o a l - f i r e d  p l a n t .  D u r in g  t h i s  t e s t ,  th e  g r i d  f r e q u e n c y  v a r i e d  
c o n s id e ra b ly  and  t h e  e f f e c t  on t h e  r e s u l t s  i s  q u i t e  a p p a r e n t .  I f  
lo n g e r  te rm  t e s t s  such a s  t h i s  a re  to  be performed, some method of 
com pensation f o r  t h e  e f f e c t s  o f  g r i d  f r e q u e n c y  f l u c t u a t i o n  i s  
r e q u i r e d .
A nother m o d i f i c a t i o n  to  th e  model invo lved  an in c re a s e  i n  th e  
therm al p l a n t  g o v e r n o r  d ro o p  f ro m  4J6 t o  8$, w i t h  th e  f u e l  f e e d  
time c o n s t a n t  r e t u r n e d  t o  1 0 s .  By r e d u c i n g  t h e  f r e q u e n c y  
s e n s i t i v i t y  o f  t h e  s te a m  p l a n t  t o  a l e v e l  c o n s id e r e d  to  be an  
a p p r o p r ia t e  a v e r a g e  f o r  t h e r m a l  p l a n t  on t h e  UK s y s te m ,  t h e  onus 
f o r  s y s te m  c o n t r o l  f a l l s  m ore  h e a v i l y  on th e  hydro  com ponent o f  
the  s y s te m .  The i n i t i a l  f r e q u e n c y  s w in g  i s  i n c r e a s e d  ( F ig u re  
4 .9 ) ,  r e a c h i n g  48 .88  r a t h e r  t h a n  49.27Hz ( F ig u r e  4 .6 )  and  th e  
h y d ro - tu rb in e  r e s p o n d s  m ore  r a p i d l y  and w i t h  a l a r g e r  change i n  
o u tp u t .
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4 .2  TESTS USING A MECHANICAL-HYDRAULIC GOVERNOR
The s e c o n d  s e r i e s  o f  t e s t s  w as  p e r fo rm e d  on No.1 s e t  w hich  
has a  m e c h a n i c a l - h y d r a u l i c  g o v e rn o r .  The t e s t  s i g n a l  was, 
th e r e f o r e ,  i n j e c t e d  t h r o u g h  p u l s e d  c l o s u r e  of th e  s p e e d e r  m oto r 
i n t e r p o s i n g  r e l a y s .  A m e a s u re m e n t  o f  m ach ine  power o u tp u t  was 
o b ta in e d  from  c o n t ro l  desk m e te r in g  which had a response t h a t  was 
adequa te  f o r  the  p u rp o se s  of t e s t s  of a hydro-therm al system. The 
s im u la to r  w a s  a g a i n  c o n f i g u r e d  t o  r e p r o d u c e  th e  r e s p o n s e  o f  a 
power s y s te m  p r o v i d e d  w i t h  3 2 .5 MW o i l - f i r e d  and 3 2 .5 MW hydro ­
e l e c t r i c  g e n e r a t io n .
F ig u re  4 .1 0  sh o w s t h e  r e s p o n s e  o f  th e  h y d r o - t u r b i n e  to  a 
r a i s e  p u l s e  o f  3 .5 4 s  d u r a t i o n .  From t h i s  ty p e  o f  t e s t ,  t h e  l e n g t h  
of pu lse  r e q u i r e d  f o r  a f u l l  lo a d  change i n  ou tpu t was e s t im a te d  
to  be 7 .5 s .  T o g e t h e r  w i t h  a  v a l u e  o f  th e  p e rm a n en t d roop  o f  th e  
governor (350, t h i s  s p e e d e r  m o to r  c a l i b r a t i o n  f i g u r e  i s  u sed  by 
the s im u l a to r  t o  c a l c u l a t e  the p u ls e s  t h a t  have to  be i n j e c t e d  to  
approx im ate  a  p a r t i c u l a r  frequency  t r a n s i e n t .
The p u l s e  show n i n  F ig u r e  4 .10 , i n  f a c t ,  c o r r e s p o n d s  t o  a 
frequency  d ro p  o f  a b o u t  0.7Hz (o v e r  3 .5 4 s ) .  In  c o m p a r is o n  w i t h  
F igu re  4 .1 ,  w h ic h  sh o w s th e  r e s p o n s e  o f  th e  doub le  d e r i v a t i v e  
governor t o  a  0.5Hz ch an g e  i n  f r e q u e n c y ,  th e  s lo w e r  r e s p o n s e  of 
the tem porary  droop g o v erno r  i s  q u i t e  ev iden t.
The s i m u l a t e d  f r e q u e n c y  t r a n s i e n t  f o r  a 13MW i n c r e a s e  i n  
consumer dem and a t  a  r a t e  o f  2 . 6 MW p er  second  i s  shown i n  F ig u re
4.11 to g e th e r  w i th  th e  r e s p o n se s  o f  the  s im u la te d  o i l - f i r e d  p la n t  
and th e  r e a l  h y d r o - e l e c t r i c  p l a n t .  The s p e e d e r  m o to r  p u l s e s  
a p p l ie d  t o  r e p r e s e n t  ap p ro x im a te ly  t h i s  frequency t r a n s i e n t  have 
a lso  b een  p l o t t e d .  I n  t h i s  t e s t ,  t h e  i n i t i a l  th e rm a l  and hydro  
power o u tp u t s  w ere  20MW and 12MW re s p e c t iv e ly .
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F ig u re  4.12 shows th e  co rrespond ing  t e s t  w ith  the e l e c t r o n ic  
double d e r i v a t i v e  g o v e r n o r .  The r e s p o n s e  i s  n o t  d i r e c t l y  
comparable w i t h  F i g u r e  4.11 b e c a u se  th e  e l e c t r o n i c  g o v e rn o r  t e s t  
used a s t e p  r a t h e r  t h a n  a ram p change  i n  demand. However, th e  
e f f e c t  o f  t h e  d i f f e r e n t  g o v e rn o r  c h a r a c t e r i s t i c s  can  be s e e n  i n  
the d e t a i l e d  shape of the p lo ts .  With both governors, the i n i t i a l  
delay b e fo re  th e  h y d ro - tu rb in e  responds i s  due to  the  backlash in  
the gu ide  vane  l i n k a g e  which ab so rb s  some of the i n i t i a l  governor 
ou tpu t. W i th  t h e  h y d r a u l i c  g o v e r n o r ,  a s l i g h t  t e n d e n c y  to  
o s c i l l a t i o n  can be o b se rved  on the  frequency  and power t rac es .
The t e s t  d e s c r ib e d  i n  t h i s  s e c t io n  shows t h a t  u se fu l  r e s u l t s  
can be o b ta in e d  f o r  h y d ra u l ic  governors  by i n j e c t i n g  a s ig n a l  v ia  
th e  s p e e d e r  m o to r .  T h i s  i s  i m p o r t a n t  b ec a u se  g o v e r n o r s  o f  t h i s  
type a re  s t i l l  i n  th e  m a jo r i t y  on conven tional h y d ro - tu rb in e  s.
4 .2 .1  T e s t s  o f  I s o l a t e d  O p e ra t io n  U sing Speeder Motor I n j e c t io n
The a b o v e  s e c t i o n  d e s c r i b e d  t e s t s  t h a t  w ere  p e r fo rm e d  on a 
m e c h a n ic a l -h y d ra u l i c  g o v e r n o r  w i t h  a t e m p o r a r y  d r o o p  
c h a r a c t e r i s t i c .  The s u c c e s s  o f  t h i s  a p p ro a c h  s u g g e s te d  t h a t  i t  
might be p o s s i b l e  t o  s i m u l a t e  i s o l a t e d  l o a d  o p e r a t i o n  u s in g  th e  
same m e th o d .  T h i s  i s  a m ore d i f f i c u l t  p r o p o s i t i o n  b e c a u se  th e  
s im u la te d  s y s t e m  f r e q u e n c y  t h a t  h a s  t o  be i n j e c t e d  i s  
co n s id e ra b ly  m o re  l i v e l y  due t o  th e  r e d u c t i o n  i n  a l t e r n a t o r  
i n e r t i a  a p p r o p r i a t e  f o r  i s o l a t e d  lo a d  s im u la t io n .  The a p p l ic a t io n  
of s t e p  c h a n g e s  i n  dem and i s  c e r t a i n l y  n o t  p o s s i b l e ,  b u t  i t  was 
found t h a t  r e s u l t s  can be o b ta in ed  u s in g  10? demand s te p s  ap p l ie d  
through a f i r s t - o r d e r  l a g  w i th  a tim e co n s tan t  o f  7.53.
F ig u re  4.13 shows th e  response  of the tu rb in e  to  a re d u c t io n  
i n  dem and w hen  i t s  i n i t i a l  power o u t p u t  w as 30.5MW. L i m i t  c y c le  
o s c i l l a t i o n  i s  e v i d e n t  f o l l o w i n g  t h e  d i s t u r b a n c e .  The f o u r t h
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channel p l o t t e d  i s  a s i g n a l  p ro d u c e d  by th e  s i m u l a t o r  w hich  
in d i c a t e s  th e  e r r o r  in v o lv e d  i n  u s in g  the speeder motor i n j e c t i o n  
technique. T h i s  s i g n a l  i s  t h e  d i f f e r e n c e  b e tw ee n  th e  s im u l a t e d  
system fre q u e n c y  and the  s ig n a l  t h a t  i s  a c tu a l l y  in je c te d .  During 
the  i n i t i a l  t r a n s i e n t ,  t h e r e  i s  some e r r o r  because even when the 
lower c o n t r o l  i s  h e l d  on c o n t i n u o u s l y ,  th e  r a t e  o f  change of 
frequency r e f e r e n c e  i s  too  slow to  reproduce the f a s t  swing,
A r e p e a t  o f  t h i s  t e s t  a t  12MW i s  shown i n  F ig u re  4.14. The 
l i m i t  c y c l e  b e h a v i o u r  i s  q u i t e  d i f f e r e n t  and th e  o s c i l l a t i o n  i s  
ha rd ly  s u s ta in e d .  V a r i a t i o n  i n  the  form o f l i m i t  cycle o s c i l l a t i o n  
was observed  th ro u g h o u t  a l l  of these  t e s t s  w ith  p a r t i c u l a r ly  la rg e  
am p litudes  o c c u r r in g  a t  a 20MW o p e ra t in g  point.
Although th e se  t e s t s  o f  i s o l a t e d  o p e ra t io n  using  the  speeder 
motor c a n  show  up  som e o f  t h e  f e a t u r e s  o f  th e  g o v e r n o r ’ s 
behaviour, t h e  r a t e  l i m i t i n g  e f f e c t  o f  th e  s p e e d e r  m o to r  makes 
development o f  t h i s  t e c h n i q u e  q u i t e  d i f f i c u l t .  However, t h e r e  i s  
no o th e r  way to  check th e  i s o l a t e d  lo a d  performance of hyd rau lic  
governors  a p a r t  f ro m  r e a l  t e s t s  i n  an  i s o l a t e d  sy s tem . Power 
measurement l a g  h a s  a n  e f f e c t  on t h i s  ty p e  o f  t e s t  and, i d e a l l y ,  
tw o-w attm eter  i n s t r u m e n ta t i o n  should be used.
4 .3  CONCLUSION
This c h a p t e r  h a s  p r e s e n t e d  r e s u l t s  w h ich  d e m o n s t r a t e  th e  
f e a s i b i l i t y  o f  th e  pow er sy s te m  s i m u l a t o r  t e c h n iq u e  and i t s  
p o te n t i a l  f o r  r e a l  p l a n t  t e s t s .  M ethods o f  i n j e c t i n g  th e  t e s t  
s igna l  h av e  b e e n  d e v e l o p e d  w h ic h  w i l l  a l lo w  th e  s i m u l a t o r  to  be 
used w i t h  t h e  m a j o r i t y  o f  h y d r o - t u r b i n e s  and o t h e r  g e n e r a t i n g  
p lan t.  The m ore  f l e x i b l e  a p p r o a c h  i s  p o s s i b l e  w i th  e l e c t r o n i c  
governors, bu t u s e fu l  r e s u l t s  can a l s o  be ob ta ined  f o r  m echanical- 
h y d rau l ic  equipm ent.
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L a b e ls  f o r  F ig u re s  4.1 to  4 ,14
POH -  h y d r o - tu r b in e  power o u tp u t
DSP -  h y d r o - tu r b in e  governor ou tpu t (d e s i r e d  servo p o s i t io n )
NBFREQ -  g e n e r a to r  f req u en cy
FES -  s im u la te d  system  frequency
POO -  o i l - f i r e d  p la n t  power o u tp u t
GFREQ -  r e a l  g r i d  f req u en cy
SPDINP -  s p e e d e r  m otor p u ls e s
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F igure  4 .1 0  Speeder m otor in je c t io n  on h y d rau lic  governor
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F ig u re  4 .14  I s o la te d  load  t e s t  w ith  h y d rau lic  governor
CHAPTER 5 
A MULTIPROCESSOR SIMULATOR
At v a r i o u s  s t a g e s  i n  t h e  d e v e lo p m e n t  o f  th e  power system  
s im u la to r ,  t h e  h a r d w a r e  r e s o u r c e s  of one s i n g l e - b o a r d  com pu te r  
became i n s u f f i c i e n t .  A d d it io n a l  d i g i t a l  inpu t and outpu t (I/O) was 
r e q u i r e d  t o  d r i v e  r a i s e / l o w e r  c o n t r o l  r e l a y s  when th e  s i m u l a t o r  
was a d a p t e d  t o  u se  s p e e d e r  m o to r  i n j e c t i o n ;  e x t r a  memory was 
re q u i re d  t o  im p le m e n t  a d e l a y  s u b r o u t i n e  f o r  a second  th e rm a l  
p la n t  m o d e l ;  and  a d d i t i o n a l  a n a lo g  I /O  w as needed  to  o u tp u t  
v a r i a b l e s  i n t e r n a l  t o  the s im u la t io n .  I t  was a l so  a n t i c ip a te d  th a t  
the p r o c e s s i n g  p o w er  o f  a s i n g l e  8086/8087  c o m b in a t io n  w ould  
become i n s u f f i c i e n t  t o  c o m p le te  n u m e r i c a l  s o l u t i o n  o f  a l l  the  
components o f  th e  power system model i n  r e a l  time.
The c o m p u t a t i o n a l  l o a d  on th e  h a rd w a re  would  i n c r e a s e  
d r a m a t ic a l ly  i f  a l a r g e  number of prime mover models were req u ire d  
i n  th e  s i m u l a t i o n .  I t  w o u ld  a l s o  i n c r e a s e  i f  th e  i n t e g r a t i o n  
i n t e r v a l  had t o  be r e d u c e d  to  acc o m o d a te  s h o r t  te rm  e f f e c t s  t h a t  
had to  be i n c l u d e d  w hen t e s t s  w ere  p e r fo rm e d  on p a r t i c u l a r l y  
r e s p o n s iv e  p la n t .  In  o rd e r  to  accomodate growth of the model used 
i n  the power system  s im u la to r ,  the  f e a s i b i l i t y  of a m u lt ip ro c e sso r  
v e r s io n  w a s  i n v e s t i g a t e d .  The i n h e r e n t  p a r a l l e l i s m  a t  s e v e r a l  
l e v e l s  of the  system  dynam ics made decom position  of the problem 
reasonab ly  s t r a i g h t f o r w a r d .
For m any  y e a r s ,  c o m b in e d  a n a l o g  a n d  d i g i t a l  ’ h y b r i d 1 
computers w e re  u s e d  t o  s p e e d  up th e  s o l u t i o n  o f  l a r g e  s i m u l a t i o n  
p rob lem s.82 The s y s te m  d i f f e r e n t i a l  e q u a t i o n s  w ere  s o lv e d  i n  
p a r a l l e l  by a n a l o g  c i r c u i t s  u n d e r  th e  c o n t r o l  of th e  d i g i t a l  
computer. W ith a s u f f i c i e n t l y  la rg e  number of analog modules, the
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s o lu t io n  r a t e  w as in d e p e n d e n t  of the  s iz e  of the s im ula ted  system. 
By r e p l a c i n g  th e  a n a l o g  c o m p o n e n ts  w i t h  m i c r o p r o c e s s o r s ,  the  
r e s u l t i n g  p a r a l l e l  c o m p u te r  can  r e t a i n  a h ig h  speed  o f  s o l u t i o n  
but add th e  f l e x i b i l i t y ,  r e l i a b i l i t y  and u l t im a te ly  low er cost of 
a d i g i t a l  i m p l e m e n t a t i o n . 12^ The s e l e c t i o n  o f  p a r a m e te r s  and 
c o n f ig u ra t io n s  i n  s o f tw a r e  i s  much more convenient than the patch 
panels  and p o t e n t i o m e t e r s  used i n  analog  com putera
This c h a p t e r  r e v i e w s  th e  a p p l i c a t i o n  of m u l t i p r o c e s s o r  
systems t o  r e a l - t i m e  s i m u l a t i o n  and d e s c r i b e s  how I n t e l  s i n g l e  
board com puters  can be used to  im plement such a system. Software 
development a s p e c t s  a r e  d i s c u s s e d  w i t h  p a r t i c u l a r  r e f e r e n c e  to  
i n t e r  p ro c e s so r  com m unica tion  and decom position  of the power system 
model f o r  a l l o c a t i o n  t o  i n d i v i d u a l  p r o c e s s o r a  The s p e c i f i c  
im plem entation  o f  a m o d e l w i t h  two b o i l e r - t u r b i n e  u n i t s  w i l l  be 
described. F i n a l l y ,  p o s s i b l e  a l t e r a t i o n s  to  a c h ie v e  h ig h e r  
performance w i l l  be o u t l in e d .
5.1 MULTIPROCESSOR SYSTEMS
A p a r t i c u l a r l y  s u i t a b l e  form of p a r a l l e l  p rocessor fo r  r e a l ­
time s i m u l a t i o n  i s  t h e  m u l t i p r o c e s s o r .  A m u l t i p r o c e s s o r  i s  a 
s in g le  c o m p u te r  w i t h  m u l t i p l e  p r o c e s s i n g  u n i t s  each  of w hich i s  
capable o f  i n d e p e n d e n t  o p e r a t i o n .  I n  a t r u e  m u l t i p r o c e s s o r ,  the
p ro cesso rs  have common a c c e s s  to  memory and in p u t /o u tp u t  channels
128and are  c o n t r o l l e d  by a  s in g le  o p e ra t in g  system. Some au tho rs  
i n s i s t  t h a t  a l l  memory i n  a m u l t ip ro c e s s o r  must be add ressab le  by 
every p r o c e s s o r 12^, b u t  t h i s  i s  n e i t h e r  r e q u i r e d  nor h e l p f u l  i n  
many p r a c t i c a l  a p p l i c a t i o n s .  The i n d i v i d u a l  p r o c e s s o r s  i n  a 
m u l t ip ro c e sso r  system  need no t be i d e n t i c a l  but they w i l l  u sua lly  
have com parable perfo rm ance . F req u en tly ,  the  p rocesso rs  w i l l  not 
be e q u iv a le n t  because  t h e i r  I /O  c o n f ig u ra t io n s  are  d i f f e r e n t .
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The s im p l e s t  m u l t ip r o c e s s o r  system s use a t im e-shared  bus to
connect the p r o c e s s o r s  and common memory, a lthough more e lab o ra te
shemes can p ro v id e  h ig h e r  perform ance when la rg e  amounts of data
must be t r a n s f e r r e d  betw een p r o c e s s o r s . '* 0 Data w r i t t e n  to  common
memory by a p a r t i c u l a r  p ro c e s so r  i s  th en  a v a i la b le  to  th a t  or any
other p r o c e s s o r  i n  th e  s y s te m .  A ccess  to  the  common memory i s
c o n t ro l le d  by h a r d w a r e  a r b i t r a t i o n  l o g i c  w h ich  i n t e r f a c e s  th e
common and  l o c a l  b u s e s .  From a s o f t w a r e  p o in t  o f  v iew , common
memory i s  i d e n t i c a l  t o  l o c a l  memory and bo th  a r e  a c c e s s e d  by a
s in g le  r e a d  o r  w r i t e  i n s t r u c t i o n .  J S in c e  th e  common memory i s
only used f o r  d a ta  t r a n s f e r ,  i n t e r f e r e n c e  i s  kept to  a minimum.
Networks o f  m i c r o c o m p u t e r s  l o o s e l y  co u p led  by s e r i a l  or
p a r a l l e l  I /O  c h a n n e l s  a r e  n o t  s t r i c t l y  m u l t i p r o c e s s o r  sy s te m s
because t h e y  h a v e  no s h a r e d  m em ory . S t r o n g l y  c o n n e c t e d
m u l t ip ro c e sso r  s y s t e m s  a r e  m ore  s u i t a b l e  when h ig h  p r o c e s s in g
130 131speeds a r e  n e e d e d  f o r  d e d i c a t e d  t a s k s .  J J E x p an s io n  i s  a l s o  
sim pler i n  a common memory system  and the  number of p rocesso rs  can 
be r e a d i ly  a l t e r e d  to  s u i t  the  a p p l ic a t io n .
5.2 SOME APPLICATIONS OF MULTIPROCESSOR SYSTEMS
M u lt ip le  p ro c e s s o r  sy s tem s  of  v a r io u s  types have been ap p l ied  
to power system  problems,®^»^32,133 p a r t i c u l a r l y  in  the  a re a s  of 
t r a n s i e n t  s t a b i l i t y ^ 2 ^ , ^ ^ , ^ 1^ , ^ ^ , ^ ^  a n d  l o a d  f l o w  
c a l c u l a t i o n s . ^ ^  H ow ever,  th e y  have  n o t  y e t  been  used  i n  th e  
s im u la tio n  of system  re sp o n se  to  lo a d in g  d is tu rbances .
R e a l- t im e  m u l t i p r o c e s s o r  s y s t e m s  a r e  commonly used  i n  
opera to r  t r a i n i n g  s i m u l a t o r s  f o r  n u c l e a r  and  f o s s i l - f i r e d  power 
p lan t,  ^ 3  >137 &nd i n  tfae a e r o s p a c e  i n d u s t r y  f o r  p i l o t  t r a i n i n g  
s im u la to rs  and a i r c r a f t ^ ® * o r  j e t  e n g i n e ^ ^  design s tud ies .
Multiprocessor system s based on microprocessors have been
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developed f o r  c o n t r o l  and  s i m u l a t i o n  a p p l i c a t io n s 103’130’11*1 >1*2 
and used to  s tu d y  the  c o n t ro l  o f  h ig h -v o l ta g e  d.o. t r a n s m is s io n 143
and f o r  t h e  r e a l - t i m e  s i m u l a t i o n  o f  an  i n t e r n a l  co m b u s t io n  
144,1*15engine.
5 . 3  PARALLEL PROCESSING IN THE MULTIBUS ENVIRONMENT
A number o f  M u lt ib u s  boards  could have been used to  provide
a d d i t io n a l  r e s o u r c e s  f o r  t h e  pow er s y s tem  s i m u l a t o r .  An SBC 517
I/O e x p a n s i o n  b o a r d  w as  s e t  up i n  th e  l a b o r a t o r y  to  d r iv e  th e
re la y s  c o n t r o l l i n g  t h e  s p e e d e r  m o to r  on h y d r a u l i c  g o v e rn o rs .
However, tw o  8 8 /2 5  s i n g l e - b o a r d  c o m p u te rs  (based  on th e  8088
m icrop rocesso r)  w ere a v a i l a b l e  and th e  i n t e n t i o n  was to  use these
to  i n c r e a s e  th e  c o m p u t a t i o n a l  c a p a b i l i t y  o f  th e  r e a l - t i m e
sim ulator. C onsequen tly ,  a m u l t ip ro c e s s o r  system was e s ta b l is h e d
using t h e  8 6 /1 4  an d  one  8 8 /2 5  b o a rd  to  p ro v id e  a d d i t i o n a l  I/O
f a c i l i t i e s .  D u a l -p o r t  RAM on th e  86/14 could be accessed  not only
from the o n -b o a rd  p r o c e s s o r ’s l o c a l  bus, but a l so  from the system
Multibus and  so  t h i s  memory c o u ld  be u sed  f o r  i n t e r p r o c e s s o r  
146 147 148communication. » 1 » £n  8087 n u m e r ic  c o p ro c e s s o r  and two
8kbyte RAM c h i p s  w e r e  ad d e d  t o  each  8 8 /2 5  to  expand t h e i r  
c a p a b i l i ty .
In  th e  f i r s t  im p le m e n ta t io n  of the  m u l t ip ro c e sso r  system, the 
88/25 m e r e ly  c o l l e c t e d  v a l u e s  f o r  o u t p u t  from  th e  86/14 and 
c a r r ie d  ou t th e  a p p r o p r i a t e  I/O fu n c t io n s ,  a lthough, a t  one stage, 
i t  a l s o  c a r r i e d  o u t  th e  g r i d  f r e q u e n c y  m easu rem en t d e s c r ib e d  i n  
Section  2 .3 ,  p a s s i n g  t h e  r e s u l t  t o  t h e  8 6 /1 4 .
U n fo r tu n a te ly ,  t h e  8 6 /1 4  b o a rd  became u n r e l i a b l e  because  of 
f a u l ty  o p e r a t io n  o f  i t s  m u l t ib u s  i n t e r f a c e  c i r c u i t r y  and had to  be 
removed from the  system . The f a u l t  was i n t e r m i t t e n t  i n  nature  and 
may have b e e n  due t o  a c r a c k e d  t r a c k  i n  t h e  m u l t i - l a y e r  p r i n t e d
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c i r c u i t  b o a rd .
The a r ra n g e m e n t  of th e  hardw are  f o r  the m u l t ip ro c esso r  system 
was then  a s  shown i n  F ig u re  5.1. There are  two SBC 88/25 processor 
boards, e ac h  w i t h  l o c a l  memory f o r  p rogram  and d a t a  s to r a g e  and 
one SBC 032 common memory board  f o r  shared data  and con tro l f lags . 
All I/O  i s  l o c a l  t o  one o r  o t h e r  o f  th e  p r o c e s s o r  b o a rd s  so th e  
common bus i s  n o t  u s e d  t o  a c c e s s  I /O  d e v ic e s .  The s i n g l e - b o a r d  
computers use t h e i r  own l o c a l  bus and memory fo r  code and data  and 
they can, t h e r e f o r e ,  e x e c u t e  t h e i r  p ro g ra m s  i n  p a r a l l e l  w i th o u t  
access ing  t h e  g l o b a l  bus .
I n - c i r c u i t  e m u la t io n  (ICE) f a c i l i t i e s  were not a v a i la b le  fo r  
the 8088 an d  so  t h i s  p o w e r f u l  d e b u g g in g  t o o l  co u ld  no t be used 
when th e  86 /14  was no lo n g e r  fu n c t io n a l .  However, a new debugging 
program, w h ic h  r a n  on  a n  IBM PC, p r o v id e d  some o f  th e  f a c i l i t i e s  
of the i n - c i r c u i t  em u la to r .
5.4 BUS ACCESS ARBITRATION
Whether i t  i s  on th e  M ultibus  or i n  the  form of d u a l -p o r t  RAM 
on one of the s i n g l e  board com puters , the common memory appears  in  
p a r t  of each p r o c e s s o r s  memory map. Whenever the a r b i t r a t i o n  lo g ic  
d e te c ts  t h a t  th e  p r o c e s s o r  w i s h e s  t o  a c c e s s  a memory (o r  I /O ) 
address  t h a t  does  n o t  e x i s t  on th e  l o c a l  bus, i t  c la im s  use of the 
M ultibus i f  i t  i s  f r e e  o r  i f  t h e  c u r r e n t  u s e r  h a s  a l o w e r  
p r io r i ty .  The b u f f e r s  b e tw e e n  th e  common and p r i v a t e  b u ses  a r e  
then e n a b l e d  an d  t h e  memory c y c l e  i s  co m p le te d .  D uring  t h i s  
process, and  i f  t h e  M u l t i b u s  i s  n o t  im m e d ia te ly  a v a i l a b l e ,  th e  
memory cy c le  of th e  m ic ro p ro c e s s o r  i s  extended by i n s e r t i n g  e x t ra  
clock c y c l e s ,  c a l l e d  f w a i t  s t a t e s ' .  The w h o le  p r o c e s s  i s  
t r a n s p a re n t  t o  the  p ro c e sso r .
System a r b i t r a t i o n  m e c h a n is m s  a r e  i n c lu d e d  to  accom odate
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c o n f l i c t s  o v e r  th e  u se  o f  a p a r t i c u l a r  common bus cy c le .  A
hardware mechanism a s s i g n s  each p ro cesso r  a p r i o r i t y  based on i t s
physical bus p o s i t i o n .
A s e r i a l  p r i o r i t y  r e s o l u t i o n  techn ique  can be implemented by
chaining th e  bus  p r i o r i t y  s i g n a l s  from  one bus a r b i t e r  to  the
next. T h is  ' d a i s y - c h a i n e d ’ a r b i t r a t i o n  scheme was used  f o r  the
power system s i m u l a t o r  and i s  s u i t a b l e  f o r  use on systems w ith  up
to t h r e e  p r o c e s s o r s ,  o r  m ore  i f  t h e  f r e q u e n c y  o f  th e  system  bus
clock i s  reduced . I f  the  s im u l a to r  were to  be expanded beyond th i s
number of p ro c e s s o r s ,  g a te  p ro p a g a t io n  de lays  would preclude t h i s
s e r ia l  a r b i t r a t i o n  scheme, w i th  the s tandard  10MHz bus clock,
and c e n t r a l i s e d  p a r a l l e l  r e s o l u t i o n  w o u ld  h a v e  t o  be 
150implemented. W h ic h e v e r  schem e i s  u sed ,  an  a r b i t e r  g a in in g
p r io r i ty  o v e r  a n o t h e r  m u s t  w a i t  u n t i l  th e  p r e s e n t  occupan t
completes i t s  a c c e s s  c y c le  so t h a t  t r a n s f e r  i n t e g r i t y  i s  ensured.
151This i s  a c h ie v e d  w i th  a n o th e r  c o n t ro l  l in e .
In  a p a r a l l e l  r e s o l u t i o n  scheme, a sepa ra te  bus req u e s t  l i n e  
from each a r b i t e r  on t h e  bus  m u s t  be ta k e n  to  c e n t r a l i s e d  l o g i c  
which a c t i v a t e s  t h e  bus  p r i o r i t y  l i n e  c o n n e c te d  to  th e  h ig h e s t  
p r io r i ty  r e q u e s t i n g  a r b i t e r .  Up to  16 p r o c e s s o r s  can be used 
with a p a r a l l e l  scheme, bu t above t h i s  number, s ig n a l  lo a d in g s  may 
become s i g n i f i c a n t . ^
5.5 A PROGRAMMING LANGUAGE FOR THE MULTIPROCESSOR
As w i th  many h a rd w are  advances, the development of supporting  
software h a s  n o t  k e p t  p a c e  w i t h  t h e  a p p l i c a t i o n  o f  
m u lt ip ro c e sso rs .  High l e v e l  la n g u ag es  f o r  m u l t i p r o c e s s o r s  sh o u ld  
allow the  program to  r e f l e c t  th e  s t r u c t u r e  of the problem and not 
tha t of th e  h a rd w a re .1^0 In  a s im u la to r ,  the program should i t s e l f  
b® a good e x p r e s s io n  o f  th e  u n d e r ly in g  ph y s ica l  r e a l i t y .  A number
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of h igh  l e v e l  l a n g u a g e s  h a v e  f e a t u r e s  t h a t  go some way to w ard s  
th is  goal. For exam ple , th e  ’ ta s k '  and 'package’ c o n s tru c ts  of Ada 
support s i m u l t a n e o u s  e x e c u t i o n  a n d  d a t a  t r a n s f e r  w i t h  a 
'rendezvous ' t o  p r o v i d e  s y n c h r o n i s a t i o n  and th e  program m er i s  
freed o f  t h e  n e e d  t o  e f f e c t  bus c o m m u n ica t io n  d i r e c t l y .  
However, w h i l e  u s e f u l  h ig h  l e v e l  l a n g u a g e  s t r u c t u r e s  have been 
e s ta b l ish e d ,  a g e n e ra l  method of mapping program code to  d i f f e r e n t  
hardware c o n f i g u r a t i o n s  h a s  n o t  y e t  been developed.
Although t h e  I n t e l  F o r t r a n  c o m p i le r  o f f e r e d  no p a r t i c u l a r  
f e a tu re s  f o r  m u l t i p r o c e s s o r  system s, i t  was found to  be adequate 
for g e n e r a t i n g  co d e  f o r  t h e  s y s te m  used  h e re .  Shared  d a ta  i t e m s  
could be l o c a t e d  i n  common memory by p la c in g  them i n  COMMON blocks 
and then  u s in g  th e  1 oca t e r  u t i l i t y  s o f tw a re  to  p o s i t io n  the COMMON 
blocks a t  a d d r e s s e s  c o r r e s p o n d i n g  to  p a r t  of th e  M u l t ib u s  RAM 
board. S em ap h o re  h a n d l i n g  r o u t i n e s  w ere  w r i t t e n  i n  a ssem bly  
language and  t h e s e  c o u l d  be l i n k e d  e a s i l y  w i t h  th e  m ain  F o r t r a n  
program.
5.6 AN OPERATING SYSTEM FOR THE MULTIPROCESSOR
The r e q u i r e m e n t s  of an  o p e r a t in g  system f o r  a ded icated  r e a l ­
time a p p l i c a t i o n  a r e  q u i t e  d i f f e r e n t  from  th o se  of a g e n e r a l -
130purpose m u l t i p r o c e s s o r  system .
The te rm  ' p a r a l l e l  p r o c e s s i n g '  i s  o f t e n  a p p l i e d  to  both  
m u l t ip ro c e ss in g  and m ultip rogram m im g which i s  un fo rtunate  because 
they a r e  e n t i r e l y  d i f f e r e n t .  M u l t i p r o c e s s i n g  s u p p o r t s  th e  
simultaneous e x e c u t i o n  o f  tw o  o r  m o r e  t a s k s ,  w h e r e a s  
multiprogramming o n ly  p r o v i d e s  i n t e r l e a v e d  e x e c u t io n  on a s i n g l e  
processor i . e .  ' c o n c u r r e n t '  e x e c u t i o n . H o w e v e r ,  many of the  
software te c h n iq u e s  used  i n  u n ip ro c e sso r  o p e ra t in g  systems can be 
spplied  to  mul t i  p ro c e s s o r  &
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F o r  m o s t  m u l t i p r o c e s s o r s ,  t h e  m a s t e r - s l a v e  o p e r a t i n g  s y s t e m
i s  t h e  m o s t  r e a d i l y  i m p l e m e n t e d  a n d  t h i s  c o n f i g u r a t i o n  w a s  u s e d
h e r e .  T h e  m a s t e r  p r o c e s s o r  g e n e r a t e s  s i g n a l s  t o  a c t i v a t e  t h e
s laves  and  s y n c h r o n i s e  them  w i t h  th e  r e a l - t i m e  c lock . Although
symmetrical a n d  i n d e p e n d e n t  o p e r a t i o n  o f  p r o c e s s o r s  o f f e r s
advantages i n  c e r t a i n  a p p l i c a t i o n s  an d  a c h i e v e s  g r e a t e r
128u t i l i s a t i o n  o f  r e s o u r c e s ,  th e  e x t r a  programmimg e f f o r t  req u ired  
i s  not u s u a l ly  w o r th w h i le  f o r  d ed ica te d  systems un less  g race fu l 
d eg rad a tio n  i s  i m p o r t a n t .  M a s t e r - s l a v e  c o n f i g u r a t i o n s  have been 
used i n  o t h e r  r e a l - t i m e  s i m u l a t o r s  u s i n g  
mul t i  proce s s o r  s. ^
Data exchange i s  c o n t r o l l e d  by the  m aster  and the r e s u l t in g  
r ig id  s y n c h r o n i s a t i o n  a v o i d s  c o n f l i c t s  o f  a c c e s s  to  memory and 
deadlock s i t u a t i o n s .  O n ly  i t e m s  o f  d a t a  t h a t  h a v e  t o  be 
t r a n s f e r r e d  a r e  h e l d  i n  common memory. This keeps in te r f e r e n c e  to  
a minimum.
5.7  MUTUAL EXCLUSION
In  a m u l t i p r o c e s s o r  s y s te m ,  i t  m ust be e n s u re d  t h a t  two 
p rocesso rs  c an n o t a c c e s s  a p a r t i c u l a r  item  i n  common memory a t  the 
same t im e .  F o r  e x a m p le ,  i f  one p r o c e s s o r  r e a d s  s e q u e n t i a l l y  th e  
four b y t e s  o f  a r e a l  n u m b er,  th e n  th e  v a lu e  o b t a in e d  w i l l  be 
co rrup ted  i f  a n o th e r  p ro c e s s o r  s t a r t s  to  change the number before 
the f i r s t  h a s  f i n i s h e d .
Semaphores c a n  be u s e d  t o  p r e v e n t  memory a c c e s s  c o n f l i c t s .  
The se m a p h o re ,  i n  i t s  s i m p l e s t  fo rm ,  a s  u sed  h e r e ,  i s  a f l a g  b i t  
or b y te  i n  t h e  s h a r e d  memory t h a t  i n d i c a t e s  w h e th e r  or no t a 
p a r t i c u l a r  v a r i a b l e  i s  a v a i l a b l e  f o r  a c c e s s .  B e fo re  e n t e r i n g  a 
program s e c t i o n  t h a t  m u s t  a c c e s s  a v a r i a b l e  i n  common memory, a 
p rocessor i n s p e c t s  a  semaphore to  de te rm ine  w hether i t  can access
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t h a t  v a r i a b l e .  At t h e  same t im e ,  i t  s e t s  th e  sem aphore  anyway,
cla im ing  a c c e s s  t o  t h e  v a r i a b l e .  These two o p e r a t i o n s  m ust be
performed i n d i v i s i b l y  to  avo id  th e  p o s s i b i l i t y  of two p rocesso rs
in s p e c t in g  th e  s e m a p h o re  and  f i n d i n g  i t  c l e a r  b e f o r e  e i t h e r  can
s e t  i t .  I f  i t  t u r n s  o u t  t h a t  th e  sem aphore  w as a l r e a d y  s e t ,  no
harm i s  done by s e t t i n g  i t  a g a in .  I n  t h i s  a p p l i c a t i o n ,  th e
p rocesso r  w a i t s  u n t i l  t h e  sem aphore  i s  r e s e t  bu t i t  co u ld ,  i f
d e s ired ,  e x e c u t e  some o t h e r  code and  r e t u r n  l a t e r .  When th e
p ro cesso r  f i n d s  th e  semaphore c l e a r ,  i t  a c c e sse s  the  shared data,
r e s e t t i n g  the  semaphore when i t  has  f in ish e d .  Semaphores w ith  no
a s s o c ia te d  d a t a  c a n  be u s e d  t o  a c h i e v e  s y n c h r o n i s a t i o n  o f  
150p ro c e sso rs .
Mutual e x c l u s i o n  can , i n  f a c t ,  be im p le m e n te d  e n t i r e l y  i n
softw are u s i n g  v a r i a b l e s  w h ic h  can  be r e a d  o r  w r i t t e n  i n  s i n g l e ,
152 153i n d i v i s i b l e  o p e r a t io n s ,  * but a much more convenient approach
i s  p o s s ib le  w i th  semaphores and a ft e s t  and s e t ’ i n s t r u c t io n .  The
8086 and 8088 m ic ro p ro c e s s o r s  provide t h i s  o p e ra t io n  i n  the  form
of a lo c k e d  exchange i n s t r u c t i o n .  The LOCK p re f ix  byte a c t i v a t e s  a
hardware s ig n a l  from th e  p ro cesso r  which ensu res  t h a t  co n tro l  of
the l o c a l  and  s y s te m  b u s e s  i s  n o t  l o s t  b e f o r e  th e  exchange
o p e ra t io n  i s  c o m p le te d .  The exchange  i n s t r u c t i o n  swaps th e
co n ten ts  o f  a d e s i g n a t e d  r e g i s t e r  and th e  sem aphore  b y te  i n
memory.^® i n  t h i s  a p p l i c a t io n ,  th e re  i s  no need to  implement the
more e l a b o r a t e  fo rm s  of semaphores which are  used to  con tro l  the
151 154execu tion  o f  t a s k s  w i th  'w a i t '  and ’s ig n a l '  procedures. '
P u t t i n g  th e  common d a ta ,  the  a s s o c ia te d  semaphores and the 
p rocedures  f o r  a c c e s s i n g  them  i n  a s i n g l e  program  u n i t  c a l l e d  a 
'm on ito r ' e l i m i n a t e s  a p o t e n t i a l  s o u rc e  o f  e r r o r  by rem o v in g  th e  
r e s p o n s i b i l i t y  f o r  m u tu a l  e x c l u s i o n  from  th e  p rogram m er to  th e
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com piler.  H ow ever, t h i s  a p p ro a c h  i s  more a p p r o p r i a t e  to  
m u l t i t a s k in g  e n v i r o n m e n t s  w h e re  p rogram  code i s  s h a re d  b e tw ee n  
p ro c e s so rs  o r  t a s k s  and i t  was not used here.
5 . 8  INITIAL SYNCHRONISATION OF THE PROCESSORS
B efo re  d i s c u s s in g  methods f o r  mutual exc lusion , most a u th o rs  
make a s s u m p t i o n s  a b o u t  th e  i n i t i a l  s t a t e  of sem ap h o res  i n  th e  
common memory a r e a .  Few d e s c r i b e  how to  s t a r t  up th e  sy s tem . One 
s p e c i f i c a l l y  d e s ig n a te d  p rocesso r  can i n i t i a l i s e  the common memory 
w hile  t h e  o t h e r  p r o c e s s o r s  a r e  d e la y e d  f o r  a s u f f i c i e n t  t im e  
e i t h e r  a r t i f i c i a l l y  o r  by t h e i r  own i n i t i a l i s a t i o n . 151 When 
a p p ro p r ia te  l i n k s  a r e  f i t t e d  to  t h e  m a s t e r  board ,  i t  i s  a l s o  
p o ss ib le  t o  l o c k  the  system bus from an I/O p o r t  and t h i s  f a c i l i t y  
can be used d u r in g  i n i t i a l i s a t i o a
N e i th e r  of th e se  schemes w ere used here. In s tead ,  an e x p l i c i t  
s y n c h ro n is a t io n  method was e s ta b l i s h e d .  Follow ing  o p e ra t io n  of the 
c e n t r a l  r e s e t  b u t t o n  on  t h e  s y s t e m ,  t h e  m a s t e r  p r o c e s s o r  
i n i t i a l i s e s  th e  common memory c o m m u n ic a t io n  f l a g s  and th e n  
re p e a te d ly  s e t s  and  r e s e t s  a s y n c h r o n i s a t i o n  f l a g .  B e fo re  i t  
ex ec u te s  any  o t h e r  code ,  th e  s l a v e  p r o c e s s o r  w a i t s  u n t i l  i t  s e e s  
the s y n c h r o n i s a t io n  f l a g  i n  th e  common memory changing s t a t e .  I t  
then s e t s  a n o th e r  f l a g  i n d i c a t i n g  th a t  i t  i s  ready to  proceed and 
e n t e r s  a w a i t i n g  lo o p  where i t  perform s background I/O ta sks .  When 
the m a s t e r  p r o c e s s o r  s e e s  t h a t  th e  s l a v e  i s  r e a d y  to  p ro c e e d ,  i t  
l e a v e s  i t s  s e t  a n d  r e s e t  l o o p  a n d  c o n t i n u e s  w i t h  t h e  
i n i t i a l i s a t i o n  of the system. The use of the dynamic scheme where 
the s l a v e  p r o c e s s o r  w a i t s  f o r  a f l a g  t o  change s t a t e  g u a rd s  
a g a in s t  th e  p o s s i b i l i t y  o f  th e  common memory f l a g  b e in g  i n  th e  
a c t iv e  s t a t e  w h e n  t h e  s y s t e m  i s  f i r s t  s w i t c h e d  on. A 
s y n c h ro n is a t io n  schem e d e p e n d in g  on a s t a t i c  v a l u e  w i l l  f a i l  i n
84
t h i s  s i t u a t i o n .  The d y n am ic  schem e can  e a s i l y  be e x te n d e d  to  a 
system w i th  more th a n  one s lav e  p rocessor.
5 . 9  DEADLOCK AVOIDANCE
D eadlock o c c u r s  i n  a m u l t i p r o c e s s o r  when one p r o c e s s o r  i s  
w a i t in g  f o r  d a t a  f ro m  a seco n d  p r o c e s s o r  w h i l e  th e  second  i s  
w a i t in g  f o r  th e  f i r s t .  Three or more p ro c e sso rs  can be invo lved  i n  
a ’c i r c u l a r  w a i t ’. D ead lo c k  can  g e n e r a l l y  be a v o id e d  by c a r e f u l  
programming a n d  i s  n o t  a p ro b lem  i n  t h e  power sy s tem  s i m u l a t o r  
because t h e  i n t e r a c t i o n  b e tw e e n  p r o c e s s o r s  i s  e n t i r e l y  p r e ­
determ ined .
5 .10  DECOMPOSITION OF THE POWER SYSTEM MODEL
The p a r t i t i o n i n g  of the power system model fo l lo w s  p h y s ica l  
r a th e r  t h a n  p u r e l y  m a t h e m a t i c a l  l i n e s .  The m o d e ls  o f  th e  p l a n t  
components a r e  d i s t r i b u t e d  acc o rd in g  to  t h e i r  p h y s ica l  grouping  i n  
the  r e a l  p la n t .  T h is  not only makes th e  so f tw are  o rg a n is a t io n  of 
the m odels  v e ry  d e a r  bu t a l s o  m in im ise s  the da ta  t r a n s f e r  between 
the p r o c e s s o r  a
P h y s ic a l ly - b a s e d  p a r t i t i o n i n g  of s im u la t io n  models norm ally
r e s u l t s  i n  a c o m m u n ic a t io n  o v e rh e a d  w h ich  i s  i n s i g n i f i c a n t
compared t o  t h e  o v e r a l l  c o m p u ta t io n  t i m e  and an  i n t u i t i v e
1 321 12iiia l l o c a t i o n  o f  t a s k s  i s  a d e q u a te .  D * T h is  a p p ro a c h  h a s  th e  
advantage t h a t  c o m m u n ic a te d  v a r i a b l e s  have p h y s ica l  meaning and 
pro grant d e s ig n  and t e s t i n g  a re  s im p l i f ie d .  Physical p a r t i t i o n i n g  
i s  a ’top-dow n’ approach  and, th e re fo r e ,  has a l l  the  advan tages  of 
top-down t e c h n i q u e s  i n  s o f t w a r e  d e v e lo p m e n t .  The m ethod  i s  
problem -dependent b u t  i t s  s i m p l i c i t y  f a r  o u t w e i g h s  t h i s  
d isadvan tage .
A d i s t i n c t i o n  c a n  be made b e tw e e n  p a r a l l e l  and c a s c a d e  
decom position . In  a  gystem response  s im u la t io n ,  s e p a ra t in g
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the p rim e mover m odels  i s  p a r a l l e l  decom position  w hereas a cascade 
decom position  would a l l o c a t e  a b o i l e r  model to  one p rocesso r and a 
tu rb in e  model to  an o th e r .
5.11 SCHEDULING OF TASKS
In  p a r a l l e l  c o m p u te r s ,  i t  i s  i m p o r t a n t  t o  u t i l i s e  each  
p rocesso r  even ly  and to  m in im ise  d e g ra d a t io n  in  system throughput 
due to  e x c e s s iv e  i n t e r  p ro cesso r  communication.
E f f e c t iv e  use o f  m u l t ip r o c e s s o r s  i n  genera l purpose com puters 
r e q u i r e s  d y n a m ic  s c h e d u l i n g  b e c a u se  th e  e x e c u te d  t a s k s  a r e  of 
in d e te rm in a te  l e n g th  and sequence. However, i n  a d ed ica ted  system, 
the e x e c u t i o n  t i m e  and  r e q u i r e d  seq u e n c e  of t a s k s  i s  known i n  
advance an d  s t a t i c  s c h e d u l i n g  i s  a p p r o p r i a t e .  Task e x e c u t i o n  
co n tro l  c a n  be p e r m a n e n t l y  em bod ied  i n  th e  o p e r a t i n g  sy s te m  
softw are  and th e  e l a b o r a te  s ch ed u lin g  and m u l t i - u s e r  f a c i l i t i e s  of 
’ r e a l - t im e  e x e c u t iv e s ’ l i k e  RMX a re  not req u ire d .
M athem atical m e th o d s  a r e  a v a i l a b l e  f o r  th e  a l l o c a t i o n  o f
156 157 158 159ta sk s  t o  p r o c e s s o r s  i n  a r e a l - t i m e  a p p l ic a t io n ,  ’ ’ ’ but
these  a r e  m ore  a p p l i c a b l e  to  n e tw o rk s  o f  c o m p u te r s  w h ere  i t  i s  
very im p o r ta n t  t o  m in im ise  in t e r p r o c e s s o r  communication. An ad-hoc 
approach w as found  to  be q u i t e  s a t i s f a c t o r y  f o r  the power system 
s im ula tor .  I f  th e  m u l t ip ro c e s s o r  i s  o p e ra t in g  a t  the  l i m i t s  of i t s  
com putational pow er,  t h e n  th e  a l l o c a t i o n  o f  model s e c t i o n s  w i l l  
become c r i t i c a l .  H ow ever, i t  i s  p ro b a b ly  more c o s t - e f f e c t i v e  to  
add a n o t h e r  p r o c e s s o r  b o a rd  th a n  t o  a t t e m p t  to  use  e l a b o r a t e  
methods t o  a c h i e v e  t h e  h i g h e s t  p o s s i b l e  u t i l i s a t i o n  o f  th e  
e x i s t i n g  hardw are .
5 .12 IMPLEMENTATION OF A POWER SYSTEM MODEL (Ml THE MULTIPROCESSOR
To d e m o n s t ra te  the  a p p l i c a t i o n  of the  m u l t ip ro c e ss o r  system 
to th e  r e a l - t i m e  s i m u l a t i o n  o f  a power s y s te m ,  a m odel w i th  two
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c o a l - f i r e d  b o i l e r - t u r b i n e  u n i t s  w as  e s t a b l i s h e d .  Some o f th e  
r e s u l t s  r e p o r t e d  i n  C h a p t e r  6 w e re  o b t a i n e d  w i t h  t h i s  
m u l t ip ro c e s s o r  s i m u l a t o r .  The f lo w  d ia g ra m  shown i n  F ig u r e  5.2 
o u t l i n e s  the  o r g a n i s a t i o n  of the programs f o r  the m aster  and s lav e  
p ro cesso rs .  One th e rm a l  p la n t  model i s  a l l o c a t e d  to  each p rocesso r 
and th e  m a s te r  a l s o  s o lv e s  the s in g le  a l t e r n a t o r  model.
F o llo w in g  s y n c h ro n is a t io n  o f  the  two p ro cesso rs  a s  d esc r ib ed  
i n  S e c t io n  5.8, the  s lav e  p ro cesso r  e n t e r s  a w a i t in g  loop  where i t  
performs b a c k g ro u n d  I /O  t a s k s ,  t r a n s f e r r i n g  d a t a  b e tw ee n  th e  
common memory and i t s  I/O  p o r ts .  The m aste r  p rocesso r perform s i t s  
own i n i t i a l i s a t i o n  and  p r o c e e d s  th ro u g h  th e  o p e r a t o r  d ia lo g u e ,  
p la c in g  d a ta  f o r  the s lav e  p ro cesso r  in  common memory. The s lav e  
i s  th e n  r e - a c t i v a t e d  to  copy i t s  da ta  from the  common memory and 
to c a l c u l a t e  t h e  i n i t i a l  c o n d i t i o n s  of i t s  m odel. Once bo th  
p ro c e s s o rs  have c a l c u l a t e d  th e  i n i t i a l  c o n d i t io n s  of t h e i r  models, 
the m a s te r  p ro c e s s o r  s t a r t s  the  r e a l - t i m e  clock.
At each i n t e g r a t i o n  i n t e r v a l ,  the  m aste r  commands the  s lav e  
to  perform  one s t e p  of i t s  therm al p la n t  model and then p rocesses  
i t s  own m o d e l e q u a t i o n s .  When b o th  p r o c e s s o r s  h av e  f i n i s h e d  th e  
s tep , t h e  m a s t e r  c o l l e c t s  th e  s l a v e ' s  power o u t p u t  v a l u e  and 
perform s one s t e p  o f  t h e  s i n g l e  a l t e r n a t o r  m ode l,  p u t t i n g  th e  
r e s u l t i n g  s y s t e m  f r e q u e n c y  v a l u e  i n  common memory. A f t e r  th e  
m aster h a s  s e n t  t h e  i n j e c t i o n  and l o g g i n g  s i g n a l s  f o r  o u tp u t ,  i t  
r e tu r n s  t o  a lo o p  and w a i t s  f o r  the next tim e in t e r v a l .  While the 
s lave  i s  w a i t i n g  t o  ex ec u te  i t s  the rm al p la n t  model, i t  perform s
background I /O  t a s k s .
The i n t e r r u p t s  f o r  t u r b i n e  p o w e r  and  g r i d  f r e q u e n c y  
measurement p ro c e s se d  i n  the s in g le  p ro cesso r  im p lem en ta t io n  a re  
handled i n  t h e  sam e way by th e  m a s t e r  i n  th e  m u l t i p r o c e s s o r
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con figu ra tion .
The con tro l f l a g s  used i n  t h i s  implementation are s in g le  byte 
v a r ia b le s  and, i n  f a c t ,  n e i t h e r  th e se  nor the shared data need be 
protected  by sem ap hores  because th e  i n t e r a c t i o n  o f  the two 
processors i s  f u l l y  d e term in e d  i n  advance. At a l l  p o in t s  o f  
in te r a c t io n ,  one p r o c e s s o r  w a i t s  f o r  the o th er  and th e r e  i s  no 
p o s s i b i l i t y  o f  data corruption.
In an a l t e r n a t i v e  sy ste m , the s la v e  p r o c e sso r  cou ld  be 
allowed to  run a synchronously to  the master processor w hile  using  
i t s  own t im e r  to  p ro v id e  r e a l - t i m e  e x e c u t io n .  In t h i s  ca se ,  the  
shared data would have to be protected by semaphores.
At one s t a g e ,  th e  s l a v e  p ro c e sso r  was used to  provide  
ad d ition a l a n a lo g  o u t p u t s  f o r  the s im u la to r  so th a t  a l a r g e r  
number of in te r n a l  s im u la t io n  v a r ia b le s  could be recorded in  the 
data l o g g e r .  The s la v e  p r o c e s s o r  was not s o lv in g  any model 
equations and so i t  was not synchronised to  the master processor. 
The t w o - b y t e  i n t e g e r  v a l u e s  t r a n s f e r r e d  to  the s la v e  w ere,  
therefore, p ro tec ted  by semaphores.
5.13 SEMI-AUTOMATIC DECOMPOSITION
W riting sep arate  programs for  each processor i s  a d ire c t  but 
cumbersome app roach . A lthough t h i s  method was used h ere ,  a means 
of w r i t in g  the m u lt ip rocessor  software as a s in g le  program would 
be e x t r e m e ly  u s e f u l .  Such sy s te m s  have been d eve lop ed  f o r  o th er
m u l t i p r o c e s s o r s ^ ® *  1^0 and w o u ld  be s t r a i g h t f o r w a r d  t o
implement f o r  the power system  s im u la to r .  A t e x t  t r a n s l a t i n g  
package such a s  STAGE 2B co u ld  be em ployed to  s e p a r a te  the  
sec t io n s  o f  so u r c e  code f o r  each p r o c e sso r  and add th e se  to  an 
appropriate o p e r a t i n g  s o f t w a r e  and s y n c h r o n i s a t io n  k ern e l .  
D irec t iv es  t o  th e  t r a n s l a t o r  cou ld  be in c lu d e d  i n  the comment
l i n e s  of the source code which could then be linked  with d if fe r e n t  
l i b r a r i e s  t o  ru n  w i t h o u t  a l t e r a t i o n  on a u n ip r o c e sso r .  This type  
of f a c i l i t y  w ould  red u ce  the scope fo r  programming e r r o r s  th a t  
e x i s t s  w h e n  tw o  or  m ore i n t e r a c t i n g  p ro g ra m s have to  be 
constructed d i r e c t l y .
5.14 ALTERNATIVE CONFIGURATIONS
The m odular n a tu re  o f  m u lt ip r o c e s s o r  sy s te m s  i s  a major 
advantage because i t  makes expansion r e la t iv e ly  easy.
With t h e  8 0 8 6 /8 0 8 8 - b a s e d  M u l t ib u s  s y s te m s ,  t h e r e  i s  th e  
p o s s i b i l i t y  o f  im p r o v in g  th e  p e r fo rm a n c e  by u s in g  s i n g l e  boa rd  
computers b a s e d  o n  t h e  m o r e  p o w e r f u l  8 0 2 8 6  o r  8 0 3 8 6  
m ic ro p ro cesso r  a  T hese  m i c r o p r o c e s s o r s  a r e  code c o m p a t ib l e  w i t h  
the 8086 and  t h e  8088 and so p e r fo rm a n c e  im p ro v e m e n ts  can  be 
o b ta in ed  w i th o u t  any g r e a t  need f o r  re -cod ing .
A synchronous execu tion  procedure has the disadvantage that  
for a la r g e  number of processors  working on a particu lar problem, 
there may be a t im e  i n  th e  s im u la t io n  c y c l e  when th e r e  i s  a 
p a rt icu la r ly  heavy load  on the common bus. This tends to  lead  to  a 
degradation i n  performance because the gystem i s  delayed w h i le  the 
data tr a n s fe r s  take place. Allowing the processors to communicate 
aqynchronously has the advantage that they could run a t  d if fe r e n t  
ra te s  and the communication load  would be more evenly d is tr ib u ted  
in  t im e .1^0 However, the communications protocol i s  more involved  
and more complex programming i s  necessary.
The tw o— p r o c e s s o r  system  d e s c r ib e d  h ere  has s u f f i c i e n t  
computational power to  s o lv e  a t  l e a s t  s i x  o f  the therm al p la n t  
models i n  r e a l - t im e .  I f  more d e ta i le d  models were used, requiring  
a s h o r t e r  i n t e g r a t i o n  i n t e r v a l  f o r  some components, i t  would be 
advantangeous t o  use a m u l t i p l e  r a te  i n t e g r a t i o n  scheme. This
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would most e a s i l y  be im plem ented  by s o lv in g  the  f a s t e s t  components 
on the  m a s te r  p ro c e s s o r ,  because the D/A co n v e r to rs  would norm ally  
be updated  a t  th e  f a s t e s t  i n t e g r a t i o n  r a te .  The slow er components 
would be s im u la te d  on the s lave  p rocesso r  (or p rocesso rs)  w i th  i t s  
own r e a l - t i m e  d o c k .  The two p ro c e sso rs  would run asynchronously 
so the s h a red  d a t a  would r e q u i r e  p r o te c t io n  by semaphore.
5.15  DEGRADATION IN PERFORMANCE DDE TO BUS CONTENTION
F re q u e n t ly ,  the  a d d i t i o n  of e x t r a  p ro cesso rs  does not ach ieve
12Qthe  e x p ec ted  perfo rm ance  improvement, because of the  overhead 
in tro d u c e d  by com m unication and s y n c h ro n is a t io a
A num ber o f  a u t h o r s  h av e  d e s c r i b e d  m e th o d s  t o  e s t i m a t e  th e  
d e g ra d a t io n  i n  th e  p e r f o r m a n c e  o f  m u l t i p r o c e s s o r s  due to  common
1 C 4 “I f .  O
memory a c c e s s  c o n t e n t i o n  and o t h e r  f a c t o r s .  * G rasso  e t  
a l . ^ ^  s tu d ie d  th e  memory in t e r f e r e n c e  i n  m u l t ip ro c e ss o r  system s 
fo r  c o n t ro l  and s im u l a t i o n  a p p l ic a t io n s .  When p ro cesso rs  a r e  added 
to  a system , a  p o in t  i s  reached  where adding a p rocesso r  does not 
in c re a s e  t h e  o v e r a l l  t h r o u g h p u t  o f  th e  sy s tem . The number o f  
p ro c e s s o rs  a t  w h ic h  t h i s  o c c u r s  dep en d s  on th e  f r a c t i o n  o f  t im e  
each p ro c e s s o r  r e q u i r e s  th e  common bus.
The s m a l l e s t  f r a c t i o n  considered  by Grasso e t  a l .  was and, 
fo r  t h i s  v a l u e ,  no d e g r a d a t i o n  i n  p e r fo rm a n c e  w as o b s e rv e d  w i t h  
e ig h t p ro c e s s o r s ,  th e  maximum number in v e s t ig a te d .  In s p e c t io n  of 
the program code f o r  the  power system s im u la to r ,  su g g es ts  t h a t  the  
co rresp o n d in g  f r a c t i o n  f o r  th e  s i m u l a t o r  i s  c e r t a i n l y  l e s s  th a n  
1?. I t  shou ld , t h e r e f o r e ,  be p o s s ib le  to  expand the  system to  th e  
f u l l  s i x t e e n  p r o c e s s o r  c o n f i g u r a t i o n  s u p p o r te d  by th e  M u l t i b u s  
hardware, w i t h o u t  e n c o u n t e r i n g  s i g n i f i c a n t  common b u s  
i n t e r f e r e n c e .
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Figure 5 .2  Organisation of the master and slave programs
CHAPTEB 6
DETAILED TESTS OF A MIXED HYDRO-THERMAL SYSTEM
A f te r  v a r io u s  im provem ents  had been made to  the  power system
s im u la to r ,  f u r t h e r  t e s t s  were conducted a t  Loch Sloy Power S ta t io n
on No. 3 machine w i th  i t s  m ic rop rocesso r  governor and No.2 machine
w ith  i t s  m e c h a n i c a l - h y d r a u l i c  g o v e rn o r .  These t e s t s  u sed  a more
r e a l i s t i c  t h e r m a l  p l a n t  m odel b a s e d  on t h a t  u sed  by th e  CEGB i n
2 44o f f - l i n e  s y s te m  r e s p o n s e  s t u d i e s  ’ and d e s c r i b e d  i n  d e t a i l  i n  
Chapter 3« The s im u la to r  im p lem en ta t io n  a l s o  in c lu d ed  a mechanism 
to  com pensate  f o r  g r i d  frequency  movements o c c u r r in g  i n  the course 
of a t e s t .  A r a n g e  o f  o p e r a t i n g  s i t u a t i o n s  w e re  i n v e s t i g a t e d  by 
changing t h e  key p a r a m e t e r s  o f  th e  s i m u l a t i o n  and th e  e f f e c t s  o f  
v a r i a t i o n  i n  th e  f o l l o w in g  a r e a s  were considered : C h a r a c t e r i s t i c s  
of th e  t h e r m a l  p l a n t ;  r e l a t i v e  p r o p o r t i o n s  o f  g e n e r a t i n g  p l a n t  
types; o p e r a t i o n  o f  t h e  h y d r o - t u r b i n e  a t  a d i f f e r e n t  l o a d  l e v e l ;  
p ro p o r t io n  o f  n o n - r e g u la t in g  p la n t  on the system and the amount of 
sp in n in g  r e s e r v e  h e ld  on th e  steam p lan t.
A d u a l -p r o c e s s o r  s im u la to r  had been  e s t a b l i s h e d  (C h a p te r  5) 
and t h i s  h ad  b e e n  u se d  to  im p le m e n t  a power sy s te m  model 
c o n s i s t i n g  o f  two b l o c k s  o f  th e rm a l  g e n e r a t i o n  whose p a r a m e t e r s  
could be s e l e c t e d  in d e p en d en tly  du ring  th e  o p e ra to r  d ia logue. This 
was u se d  t o  i n v e s t i g a t e  th e  o p e r a t i o n  o f  two s team  u n i t s  o f  
d i f f e r e n t  c o n f ig u r a t i o n  i n  a mixed hydro -therm al system.
U sing th e  s p e e d e r  m o to r  i n j e c t i o n  t e c h n iq u e ,  some o f  th e  
t e s t s  w ere  r e p e a te d  on No.2 machine w ith  i t s  h y d ra u l ic  tem porary 
droop g o v e rn o r .
Some o f  t h e  t e s t s  w e re  r e - r u n  and t h i s  c o n f i rm e d  th e  
r e p e a t a b i l i t y  o f  the  r e s u l t s  which a re  p resen ted  i n  t h i s  chap ter .
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In  a l l  t h e  s y s t e m s  s t u d i e d ,  th e  MW r a t i n g s  o f  th e  th e rm a l  
u n i t s  v a r y  a c c o r d i n g  t o  t h e i r  s i z e  r e l a t i v e  to  th e  r e a l  3 2 .5 MW 
h y d ro - tu rb in e .  F o r  e x a m p le ,  i n  a sy s tem  w i th  90* th e rm a l  and 10% 
h y d r o - e l e c t r i c  g e n e ra t io n ,  the  r a t i n g  of the therm al u n i t  w i l l  be 
292.5Mtf. The t o t a l  MW c a p a c i ty  of the  system w i l l ,  th e re fo re ,  a lso  
vary depending  on the  p ro p o r t io n  of the system c o n s t i tu te d  by the 
r e a l  h y d r o - t u r b i n e .  I t  w ou ld  be p o s s i b l e  to  keep  th e  sy s tem  s i z e  
c o n s ta n t  a t ,  s a y ,  1000 MW and c o n s i d e r  th e  r a t i n g  o f  th e  h y d ro ­
tu rb in e  to  change m ere ly  by a l t e r i n g  the  v a lu e s  on the  p lo t  axes. 
The f req u en cy  t r a n s i e n t s  and p la n t  re sp o n ses  would e s s e n t i a l l y  be 
the  same i n  a 1000MW or a 10,000MW system w ith  p ro p o r t io n a te  p la n t  
mixes and  g e n e r a t i o n / l o a d  im b la n c e s .  I n  a l l  o f  th e  p l o t t e d  
responses ,  t h e  h y d r o - t u r b i n e  power o u tp u t  i s  s c a l e d  o v e r  a 15MW 
range w h ic h  c o r r e s p o n d s  t o  a b o u t  46% m .c .r.  (maximum c o n t in u o u s  
r a t i n g ) .  The t h e r m a l  p l a n t  r e s p o n s e s  a r e  p l o t t e d  o v e r  th e  same 
pe rcen tage  range  bu t a s  the g e n e ra t io n  mix changes, the en d -p o in t  
v a lu e s  i n  MW must a l s o  change.
A ll o f  th e  t e s t s  r e p o r te d  i n  t h i s  ch ap te r  used s im u la te d  s te p  
changes i n  dem and o f  10% of th e  t o t a l  g e n e r a t i n g  c a p a c i t y  on th e  
system. A lthough a l l  th e  t e s t s  invo lved  in c r e a s e s  i n  demand, th e re  
i s  no r e a s o n  why r e s u l t s  could not be o b ta in ed  f o r  red u c t io n s .  I t  
i s  c o n v e n i e n t  t o  rem o v e  an  i n c r e a s e  i n  demand b e f o r e  s t o p p i n g  a 
t e s t  r u n ,  b u t  t h i s  w i l l  n o t  g iv e  a c c u r a t e  r e s u l t s  f o r  a d e c r e a s e  
i n  demand b e c a u s e  th e  b o i l e r  model w i l l  n o t  have  r e t u r n e d  to  a 
steady  s t a t e .  To s tudy  t h i s  type of in c id e n t ,  the s im u la to r  should 
be r e s t a r t e d  w i t h  a n e g a t i v e  s t e p  s e l e c t e d  so t h a t  th e  b o i l e r
model i s  r e - i n i t i a l i s e d .
For a l l  o f  t h e  t e s t s  d e s c r i b e d  i n  t h i s  c h a p t e r ,  t h e  
param eters  o f  th e  t h e r m a l  m o d e ls  w ere  a s  g iv e n  i n  S e c t i o n  3 .6 .6 ;
92
i n  p a r t i c u l a r ,  th e  droop was k% (bp=0.04) and the  fu e l  feed  delay,
Td was 6 0 a  These v a lu e s  a re  a p p ro p r ia te  to  a c o a l - f i r e d  un it .  The
response  o f  an o i l - f i r e d  u n i t  could be in v e s t ig a t e d  i f  d e s i r e d  but
t h i s  w as  n o t  done  h e r e .  The r e h e a t e r  t im e  c o n s t a n t ,  T and th e
r
o p e ra t in g  p o in t  o f  the  therm al p la n t  model were changed f o r  some 
of th e  t e s t s .  As d i s c u s s e d  i n  S e c t i o n  3 .8 .1 ,  20s  i s  a r e a s o n a b l e  
f ig u r e  f o r  th e  system  a l t e r n a t o r  tim e co n s tan t ,  T , and t h i s  va lue
cl
was u se d  f o r  a l l  o f  th e  t e s t s .
6.1 ELECTRONIC GOVERNOR IN A MIXED SYSTEM WITH ONE THERMAL UNIT
The s t a r t i n g  p o i n t  f o r  th e  s e r i e s  of t e s t s  w i t h  th e  c o a l -  
f i r e d  p l a n t  model was, a s  i n  the  p re l im in a ry  t e s t s  w ith  the  o i l -  
f i r e d  p l a n t  m o d e l ,  a s y s te m  w i t h  two e q u a l l y - s i z e d  g e n e r a t i o n  
blocks. One o f  t h e s e  w a s  t h e  r e a l  h y d r o - t u r b i n e  w i t h  i t s  
e l e c t r o n i c  d o u b le  d e r i v a t i v e  g o v e rn o r  and th e  o t h e r  w as th e  
s im u la ted  c o a l - f i r e d  b o i l e r - t u r  b in e  u n i t .  The r e h e a t e r  t im e  
c o n s tan t ,  Tr  was 10s. The h y d ro - tu rb in e  ou tpu t power was i n i t i a l l y  
10MW (31$ m . c . r . ) an d  th e  c o a l - f i r e d  p l a n t  w as o p e r a t i n g  a t  80$ 
m. c. r. The r e s p o n s e  o f  t h i s  sy s tem  t o  a 10$ s t e p  i n c r e a s e  i n  
consumer demand i s  shown i n  F igu re  6.1. This t e s t  may be regarded  
as a b a se  c a s e  f o r  c o m p a r i s o n  w i t h  th e  r e s u l t s  p r e s e n t e d  i n  th e  
fo l lo w in g  s e c t i o n s .
A f te r  t h e  s t e p  change  i n  l o a d ,  th e  sy s tem  f r e q u e n c y  f a l l s  
r a p id ly  u n t i l  i t  i s  b r o u g h t  up a t  a b o u t  4 9 *3 9 Hz by th e  o p e r a t i o n  
of the  governo r  on th e  th e rm al u n i t .  For t h i s  s i z e  of d is tu rb a n c e ,  
the s team  v a l v e s  re a c h  t h e i r  f u l l y  open p o s i t io n  causing  a fknee’ 
i n  t h e  g e n e r a t e d  pow er t r a j e c t o r y  w here  th e  r a t e  o f  i n c r e a s e  i n  
power o u tp u t  i s  reduced . The power ou tpu t co n t in u es  t o  r i s e  a s  the 
e x t ra  s team  a p p e a rs  a t  th e  IP and LP tu r  bine a  When th e  frequency  
r i s e s  a g a i n ,  t h e  g o v e r n o r  v a l v e s  move o f f  t h e i r  e n d - s t o p  and th e
93
power o u t p u t  f a l l s  s h a r p l y .  By t h i s  t im e ,  th e  th e rm a l  en e rg y  
s to re d  i n  th e  b o i l e r  i s  becom ing  d e p l e t e d ,  r e d u c i n g  th e  drum 
p re s su re  and  t e n d i n g  to  r e d u c e  th e  power o u tp u t  from  th e  s team  
tu rb in e  u n t i l  t h e  f u e l  f e e d  to  th e  f u r n a c e  can be i n c r e a s e d .  The 
h y d ro - tu rb in e  does not respond a s  r a p id ly  as the  steam tu rb in e  but 
i t s  ch an g e  i n  o u t p u t  i s  s u s t a i n e d .  The a b i l i t y  o f  th e  h y d ro ­
tu rb in e  t o  c o m p le m e n t  t h e  th e rm a l  p l a n t  by p r o v id i n g  power when 
the th e rm a l  energy  r e s e r v e s  a re  d ep le ted  i s  of g r e a t  im portance.
6 .1 .1  O p e ra t io n  w i th  N on-rehea t P la n t
I f  the  t im e  c o n s ta n t ,  T , of the f i r s t - o r d e r  l a g  r e p re s e n t in g  
steam s to r a g e  i n  th e  r e h e a t e r  i s  reduced from 10s to  2 s, the  model 
behaves l i k e  n o n - re h e a t  p la n t  and t h i s  has a s i g n i f i c a n t  e f f e c t  on 
the  re sp o n se  (F ig u re  6.2). In c re a s e s  i n  steam flow through the  HP 
tu rb in e  s ta g e  can im m ed ia te ly  feed  through to  the IP  and LP s ta g e s  
which, i n  t o t a l ,  c o n s t i t u t e  80/? o f  th e  c a p a c i t y  o f  th e  t u r b i n e .  
This m ean s  t h a t  n o n - r e h e a t  p l a n t  can  r e s p o n d  more r a p i d l y  t o  
lo a d in g  d i s t u r b a n c e s ,  a t  l e a s t  w h i l e  b o i l e r  p r e s s u r e  i s  
m ain ta ined . A m o r e  r a p i d  t h e r m a l  p l a n t  r e s p o n s e  a n d  a 
co r re sp o n d in g ly  r e d u c e d  f r e q u e n c y  sw in g  to  a b o u t  4 9 . 5 3 Hz can  be 
seen i n  F i g u r e  6 .2 . T h i s  ty p e  o f  b e h a v io u r  w as t y p i c a l  o f  s team  
p la n t  a b o u t  30  y e a r s  ago b e f o r e  c o n s t r u c t i o n  o f  p l a n t  f o r  th e  
r e h e a t  cy c le  became economic. The h y d ro - tu rb in e  i s  no t r e q u i re d  to  
respond a s  r a p i d l y  a l t h o u g h  i t  e v e n t u a l l y  r e a c h e s  t h e  same l o a d  
le v e l  a s  i n  F i g u r e  6 .1 . The s t a t e s  of th e  s y s te m s  a r e  th e  same a t  
120s w i t h  a f r e q u e n c y  o f  49.85Hz show ing  t h a t  th e  l o n g e r  te rm  
response  i s  d e t e r m i n e d  by th e  d y n am ics  of th e  b o i l e r  r a t h e r  th a n  
those o f  t h e  t u r b i n e .
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6 .1 .2  V a r ia t io n  o f  P la n t  P ro p o rtio n s
A s y s t e m  w i t h  50$ th e r m a l  and 50$ c o n v e n t io n a l  and pumped- 
s to ra g e  h y d r o - e l e c t r i c  g e n e ra t io n ,  as  used i n  the above t e s t s ,  i s  
most u n l i k e l y  t o  o c c u r  i n  th e  UK sy s te m  a s  a w hole .  At th e  m ost,  
the p r o p o r t i o n  o f  hy d ro  p l a n t  c o u ld  r e a c h  10$ i f  ab n o rm a l  
c o n d i t io n s  a r o s e  a t  a t im e  of  low demand d u r in g  a summer n ig h t .  
However, i f  a l l  o r  p a r t  o f  th e  S c o t t i s h  sy s te m  w ere  to  become 
d isco n n ec ted ,  much h ig h e r  p ro p o r t io n s  of h y d r o - e le c t r i c  g e n e ra t io n  
could occu r ,  p a r t i c u l a r l y  i f  more pumped-storage p la n t  were to  be 
b u i l t  i n  S co t lan d .
The s u c c e s s io n  o f  re sp o n ses  shown i n  F ig u re s  6.1, 6.3 and 6.4 
i l l u s t r a t e s  t h e  e f f e c t  o f  v a r y i n g  th e  r e l a t i v e  p r o p o r t i o n s  o f  
hydro and  t h e r m a l  p l a n t  on t h e  sy s tem . For th e s e  t e s t s ,  a r e h e a t  
tu rb in e  m o d e l w as  u sed  (Tr =10s). W ith  a 50$ hydro  com ponent 
(F igu re  6 .1 ) ,  t h e  f r e q u e n c y  t r a n s i e n t  i s  l a r g e ,  r e a c h i n g  49.39Hz, 
and the  h y d r o - tu r  b ine  makes a l a r g e  i n i t i a l  c o n t r ib u t io n  d r iv en  by 
t h i s  sw in g .  I f ,  i n s t e a d ,  t h e  sy s tem  h a s  20$ hydro  and 80$ c o a l -  
f i r e d  p la n t  (F ig u re  6.3), the  i n i t i a l  frequency  swing i s  reduced, 
r eac h in g  49.51 Hz, because more s to re d  therm al energy i s  a v a i la b le .  
However, t h e  f r e q u e n c y  a t  120s f a l l s  f ro m  49*85 ( F ig u r e  6 .1 )  t o  
49.79Hz because  th e r e  i s  l e s s  hydro p la n t  to  provide a response  i n  
the mid term . Reducing th e  hydro component f u r th e r  to  10$ (F igure 
6 .4) r e s u l t s  i n  a  f u r t h e r  r e d u c e d  f r e q u e n c y  t r a n s i e n t  (49*55Hz), 
but, a g a i n ,  t h e  f r e q u e n c y  a t  120s i s  lo w e r  a t  49*77Hz. As th e  
p ro p o r t io n  o f  h y d r o - e l e c t r i c  p l a n t  d e c r e a s e s ,  th e  shape  o f  i t s  
response  c h a n g e s  c o n s i d e r a b l y .  The i n i t i a l  i n c r e a s e  i n  o u t p u t  i s  
sm a lle r  b u t  t h e r e  i s  a g r a d u a l  c l im b  to  a l o a d  l e v e l  t h a t  i s  
h ig h e r  w hen  t h e  h y d r o - t u r b i n e  i s  a s m a l l e r  p r o p o r t i o n  o f  th e
system.
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T his  s e q u e n c e  i l l u s t r a t e s  a p rob lem  t h a t  may a r i s e  if* th e  
S c o t t i s h  system  i s  r e q u i r e d  to  o p e ra te  i n  i s o l a t i o n  from the r e s t  
of t h e  n a t i o n a l  g r i d .  The p r o p o r t i o n a t e  r e d u c t i o n  i n  p l a n t  
p ro v id in g  a  r e s p o n s e  i n  th e  f i r s t  5 s or so of a d i s t u r b a n c e  may 
le a d  t o  l a r g e  freq u en cy  swings w i th  consequent shedding of load  by 
p r o t e c t i v e  r e l a y s .  However, the  r e s u l t s  i l l u s t r a t e  the a b i l i t y  of 
h y d ro - tu r  b in e s  t o  co m p lem en t t h e  r e s p o n s e  o f  th e rm a l  p l a n t  by 
p ro v id in g  power i n  th e  m id-term  pe riod  when the steam tu r b in e s  a re
s u f f e r in g  from  a drop i n  b o i l e r  p ressu re .
The s m a l l  d e v i a t i o n  i n  th e  h y d r o - t u r b i n e  power o u t p u t  i n  
F igure  6 .3  i s  c a u s e d  by a f a u l t  i n  t h e  m i c r o p r o c e s s o r  g o v e rn o r  
which c a u s e s  an o c c a s io n a l  g l i t c h  on the governor output.
The s y s te m  a l t e r n a t o r  t im e  c o n s t a n t ,  T w as k e p t  a t  2 0 s  f o ra
a l l  o f  t h e s e  t e s t s ,  a l t h o u g h  i t  w ould  be r e a s o n a b l e  t o  r e d u c e  i t  
somewhat f o r  a s y s te m  w i t h  a h ig h  p r o p o r t i o n  o f  hydro  p l a n t .  A 
value  o f  16s  w o u ld  be s u i t a b l e  f o r  a 50$ hydro  sy s te m . R edu c in g
the a l t e r n a t o r  t i m e  c o n s t a n t  w ou ld  i n c r e a s e  th e  s i z e  o f  th e
i n i t i a l  f r e q u e n c y  s w in g s  and p ro d u ce  s l i g h t l y  more o s c i l l a t o r y  
behaviour. The e f f e c t s  o f  v a r i a t i o n  i n  t h i s  p a r a m e te r  c o u ld  be 
i n v e s t i g a t e d  i f  d e s i r e d  but t h i s  was not done here.
6 .1 .3  V a r ia t io n  i n  H y d ro -tu rb in e  O p era tin g  P o in t
When t e s t s  a r e  r e p e a te d  a t  d i f f e r e n t  h y d ro - tu rb in e  o p e ra t in g  
p o in ts ,  th e  r e s p o n s e s  o b ta in e d  a r e  s l i g h t l y  d i f f e r e n t .  F ig u re s  6.5 
and 6 .6  c o r r e s p o n d  d i r e c t l y  w i t h  F ig u r e s  6.1 and 6.4 e x c e p t  t h a t  
the  i n i t i a l  pow er o u t p u t  o f  th e  h y d r o - t u r  b in e  w as 24 MW (74$ 
m. c. r . )  r a t h e r  t h a n  10 MW (31$ m. c. r . ). When th e  h y d r o - t u r  b in e  i s  
50$ o f  t h e  g e n e r a t i n g  p l a n t  on t h e  sy s tem  ( F i g u r e s  6.1 and 6.5)» 
th e re  i s  a n o t i c e a b l e  d i f f e r e n c e  i n  th e  fo rm  o f  th e  i n i t i a l  
frequency t r a n s i e n t .  The i n i t i a l  sw in g  i s  l a r g e r  when th e  h y d ro ­
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tu rb in e  i s  a t  a h i g h e r  l o a d  l e v e l ,  r e a c h i n g  49.34  r a t h e r  th a n
49 . 39Hz, a n d  t h e  b e h a v i o u r  a s  a w h o le  i s  s l i g h t l y  m ore
o s c i l l a t o r y .  T h i s  i s  t h e  r e s u l t  o f  two f e a t u r e s :  The i n c r e a s e  i n
the p i p e l i n e  w a te r  t im e  c o n s ta n t ,  Ty w ith  in c re a s in g  lo ad  and the
in c re a s e  i n  t h e  e f f e c t i v e  g a i n  o f  th e  h y d r o - t u r b i n e  g o v e rn o r
a s s o c ia t e d  w i th  the  n o n - l in e a r  r e l a t i o n s h i p  between va lve  p o s i t io n
and w a te r  f low  r a t e .  The o v e ra l l  in c re a s e  i n  power ou tpu t from the
h y d ro - tu rb in e  i s  a l s o  s l i g h t l y  l a r g e r  (0 .2 5 MW) i n  F ig u r e  6.5 due
to  th e  i n c r e a s e  i n  g a in  which, i n  f a c t ,  reaches  a maximum a t  about 
39 10880$ m .c .r .  I f  t h e  h y d r o - t u r b i n e  i s  a s m a l l e r  p r o p o r t i o n  o f
the system  a s  i n  F ig u re s  6.4 and 6.6 , then  th e se  f a c t o r s  have l e s s  
e f f e c t .  G e n e r a l l y ,  t h e  m a rg in  o f  s t a b i l i t y  o f  th e  m ixed  h y d ro -  
thermal s y s t e m  d e c r e a s e s  a s  t h e  hy d ro  c o n t e n t  i n c r e a s e s .  The 
i n i t i a l  d ip  i n  th e  h y d ro - tu rb in e  response caused by the p ip e l in e  
e f f e c t  i s  q u i t e  e v i d e n t  i n  F ig u r e  6.5. T h is  d ip  becom es more 
pronounced a t  h ig h e r  lo a d s  a s  the p ip e l in e  w a te r  tim e co n s tan t ,  T^ 
in c re a s e s .
I f  th e  h y d r o - tu r b in e s  i n  a power s t a t i o n  a re  su p p lied  from a
s in g le  h ig h  p r e s s u r e  p i p e l i n e ,  th e  w a t e r  i n e r t i a  t im e  c o n s t a n t
a lso  c h a n g e s  i f  o t h e r  s e t s  a r e  r u n n i n g .  W i th  m o re  p l a n t
g e n e ra t in g ,  Tw i s  l a r g e r  w h ic h  l e a d s  t o  a r e d u c t i o n  i n  th e
s t a b i l i t y  o f  t h e  s e t s .  However, t h i s  e f f e c t  i s  u s u a l l y  l e s s
pronounced t h a n  t h e  v a r i a t i o n  o f  T w i t h  l o a d  on a p a r t i c u l a rw
machine b e c a u s e  o n ly  p a r t  o f  th e  p i p e l i n e  i s  s h a r e d  b e tw e e n  th e  
tu rb in e s .  The r u n n i n g  o f  o t h e r  s e t s  a t  S loy  i n  th e  s t a t i o n  w as 
found t o  h a v e  v e r y  l i t t l e  e f f e c t  on t h e  r e s p o n s e  o f  th e  t e s t  
t u rb in e  i n  th e  h y d ro - th e rm a l  system c o n f ig u ra t io n s  used here. I f  
the s t a b i l i t y  o f  th e  system was m arg ina l,  the  e f f e c t  would be more 
im portan t .
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6 .1 .4  In c re a s e d  B ase Load C apac ity
The r e s p o n s e  shown i n  F ig u r e  6.7 i s  f o r  a sy s tem  w i t h  50$ 
therm al ( r e h e a t ) ,  2 0 $ h y d ro  and 3 0 $ base  lo a d  ( n o n - r e g u l a t i n g )  
p la n t  and t h a t  i n  F ig u re  6.8 i s  f o r  50$ th e rm al,  10$ hydro and 40$ 
base l o a d .  T h e re  a r e  two e f f e c t s  h e r e :  As th e  p r o p o r t i o n  o f  
n u c le a r  o r  o t h e r  b a se  l o a d  p l a n t  i n c r e a s e s ,  th e  m a g n i tu d e  o f  th e  
i n i t i a l  f re q u e n c y  swing becomes l a r g e r ,  re ac h in g  49.25Hz i n  F igure  
6.7 and 49.20Hz i n  F ig u re  6 .8 . The swing i s  cons iderab ly  extended 
in  com parison  w i th  F ig u re  6.1 where the frequency  f e l l  t o  49.39Hz. 
As a r e s u l t  o f  t h e  l a r g e  f r e q u e n c y  sw ing , th e  s team  v a l v e s  s t a y  
f u l l y  o p en  f o r  l o n g e r ,  c h a n g in g  th e  shape o f  th e  th e rm a l  p l a n t  
response. The s e c o n d  e f f e c t  i s  t h e  i n c r e a s i n g  a c t i v i t y  o f  th e  
hydro p l a n t  a s  i t  i s  r e d u c e d  f ro m  50$ t o  20$ and  th e n  10$ a s  a 
p ro p o r t io n  o f  t h e  o v e r a l l  sy s tem . As t h e  am ount o f  b a se  l o a d  
cap a c ity  i n c r e a s e s  and  th e  h y d r o - t u r b i n e  becom es a s m a l l e r  
p r o p o r t io n  o f  t h e  s y s te m ,  t h e  f r e q u e n c y  a t  1 2 0 s d ro p s  from , a b o u t  
49.83Hz ( F i g u r e  6 .1 )  t o  49.72Hz (F ig u r e  6 .7) and 49.63Hz ( F ig u re  
6 . 8 ) .
F ig u re s  6.4 and  6.8 a r e  b o th  f o r  s y s te m s  w i t h  10$ hy d ro  and 
comparison o f  t h e s e  show s th e  e f f e c t  o f  an  i n c r e a s e  i n  non­
r e g u la t in g  c a p a c i t y  w h i l e  th e  p r o p o r t i o n  o f  hyd ro  r e m a in s  t h e  
same. I n  F i g u r e  6.4 w i t h  90$ th e rm a l  p l a n t  ( r e g u l a t i n g ) ,  th e  
system f req u en cy  i s  about 49.78Hz a t  120s.
6 .1 .5  L a rg e r  R eserve  on Thermal P la n t
When a  l a r g e r  r e s e r v e  i s  m a in ta ined  on th e  the rm al p la n t ,  the  
behaviour o f  t h e  s y s t e m  i s  r a t h e r  d i f f e r e n t .  F i g u r e  6 .9  
co rresponds  t o  F i g u r e  6.8  e x c e p t  t h a t  th e  t h e rm a l  p l a n t  i s  
i n t i a l l y  o p e r a t i n g  a t  70$ r a t h e r  th a n  80$ m. c . r .  The g e n e r a t i o n  
d e f i c i t  i s  th e n  no t s u f f i c i e n t l y  la rg e  to  take  the  governor v a lv e
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to  i t s  f u l l y  open  p o s i t i o n  and th e  th e rm a l  p l a n t  i s  a b l e  to  
c o n ta in  the  d i s tu r b a n c e  more r e a d i ly .  The frequency swing i s  he ld  
to  49.40Hz and th e  h y d ro - tu rb in e  i s  not c a l le d  upon to  make such a 
l a rg e  c o n t r i b u t i o n .  The s y s te m  f r e q u e n c y  a t  120s i s  n o t  changed  
much by th e  i n c r e a s e  i n  sp inn ing  r e s e rv e  because the  same change 
in  b o i l e r  f i r i n g  i s  re q u ire d .
6 .2  ELECTRONIC GOVERNOR IN A MIXED SYSTEM WITH TWO THERMAL UNITS
U sing  the  d u a l -p ro c e s s o r  s im u la to r ,  t e s t s  were conducted on a 
system c o n s i s t i n g  o f  two b locks of therm al g en e ra t io n ,  some nonr- 
r e g u la t in g  c a p a c i t y  i . e .  e i t h e r  n u c l e a r  o r  b a s e - 1  oad hydro  o r  
thermal g e n e r a t io n ,  and th e  r e a l  hyd ro - tu rb ine .  Both the  therm al 
u n i t s  w ere  r e p r e s e n t e d  u s in g  the  model d esc r ib ed  i n  Chapter 3 and 
used i n  t h e  s t u d i e s  a l r e a d y  r e p o r t e d  i n  t h i s  c h a p te r .  T h roughou t 
a l l  of th e  t e s t s  d e s c r ib e d  i n  t h i s  s ec t io n ,  the therm al u n i t s  were 
each 25$ o f  th e  t o t a l  system capacity .
An i n i t i a l  t e s t  w i th  the base case param eters  confirm ed th a t  
t h i s  v e r s i o n  o f  th e  s im u la to r  produced r e s u l t s  t h a t  w ere i d e n t i c a l  
to  t h o s e  o b t a i n e d  w i t h  th e  s i n g l e  th e rm a l  p l a n t  m odel ( F ig u r e  
6 .1 ) .  The r e s u l t  o f  t h i s  t e s t  h a s  been p l o t t e d  (F ig u r e  6 .10) to  
f a c i l i t a t e  com parison  w i th  the t e s t s  of d i f f e r e n t  c o n f ig u ra t io n s  
d e sc r ib e d  i n  th e  fo l lo w in g  se c t io n s .
6 .2 .1  D i f f e r e n t  Thermal P la n t O p era tin g  P o in ts
I f  one th e rm a l  u n i t  i s  o p e ra t in g  a t  90$ and th e  o th e r  a t  70$ 
of f u l l  l o a d  w hen  a 1 0$ g e n e r a t i o n  d e f i c i t  o c c u r s  ( F ig u r e  6 .1 1 ) ,  
the  f req u en cy  t r a n s i e n t  i s  l i t t l e  d i f f e r e n t  from th a t  o b ta in ed  i f  
both u n i t s  a r e  o p e r a t i n g  a t  80$. T h is  show s t h a t  even  though  th e  
in d iv id u a l  re s p o n s e s  a r e  q u i t e  d i f f e r e n t ,  the  agg rega ted  response  
i s  s i m i l a r  t o  th e  in d iv id u a l  re sp o n ses  i f  both u n i t s  a re  o p e ra t in g  
a t  80$ l o a d  ( F i g u r e  6 .10) o r  th e  r e s p o n s e  o f  a s i n g l e  u n i t
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o p e ra t in g  a t  80* m .c .r .  ( F ig u r e  6 .1 ) .  I f  th e  o p e r a t i n g  p o i n t s  o f  
the t h e r m a l  p l a n t  a r e  s p l i t  i n  such  a way t h a t  th e  am ount o f  
sp in n in g  r e s e r v e  i s  t h e  same, th e  o u tp u t  f rom  th e  more e f f i c i e n t  
u n i t  c an  be i n c r e a s e d  w i t h o u t  g r e a t l y  a f f e c t i n g  th e  s y s te m ’ s 
a b i l i t y  to  d ea l  w i th  a d is tu rb an ce .
6 .2 .2  O p e ra tio n  W ith N ozt-reheat P la n t
I f  one of th e  th e rm al u n i t s  has  a non -reh ea t  tu rb in e  (F igure  
6 . 12) w i th  a co n seq u en tly  f a s t e r  response , the frequency swing i s  
reduced, r e a c h i n g  49.48 r a t h e r  th a n  49.38Hz, and t h i s  i n i t i a t e s  a 
sm a lle r  h y d ro - tu rb in e  c o n t r i b u t i o n  As i n  F igure  6.2, the s t a t e  of 
the  system  a t  120s i s  not a f f e c t e d  by the  change i n  r e h e a te r  tim e 
cons tan t .  By o p e r a t in g  the n o n -rehea t  p la n t  a t  70* and the r e h e a t  
p la n t  a t  90* o f  f u l l  load ,  the  d is tu rb a n ce  to  th e  r e h e a t  p la n t  can 
be c o n s i d e r a b l y  r e d u c e d  ( F ig u r e  6 .13) a l th o u g h  th e  f r e q u e n c y  
t r a n s i e n t  i s  u n a f f e c t e d .  T h is  i l l u s t r a t e s  th e  a d v a n ta g e  o f  
a l l o c a t i n g  im m ed ia te  r e s e rv e  d u t i e s  to  g e n e ra l ly  o lde r  and lo w er  
m e r i t  n o n - r e h e a t  p l a n t  a l l o w i n g  t h e  e f f i c i e n t  r e h e a t  p l a n t  to  
o p e ra te  c o n t i n u o u s l y  a t  o r  n e a r  maximum o u tp u t .  I f  th e  th e rm a l  
p la n t  o p e r a t i n g  p o i n t s  a r e  i n t e r c h a n g e d ,  th e  f r e q u e n c y  sw in g  i s  
s l i g h t l y  i n c r e a s e d ,  r e a c h in g  49.41 r a t h e r  than  49.46Hz, and th e re  
i s  more d i s tu r b a n c e  to  a l l  the  p la n t  in c lu d in g  th e  h y d ro - tu rb in e  
(F igure  6 .1 4 ) .
6 .2 .3  In c re a s e d  B ase Load C apac ity
F ig u re  6 .15  c o r r e s p o n d s  to  F ig u r e  6.8  b u t  t h e  f o r m e r  w as 
o b ta in e d  w i t h  th e  d u a l  c o a l  p l a n t  m odel. The h y d r o - t u r b i n e  w as 
a lso  o p e r a t i n g  a t  a h i g h e r  l o a d  l e v e l  (20MW, 62* m .c .r . ) .  Both  o f  
these  r e s p o n s e s  a r e  f o r  s y s t e m s  w i t h  50* t h e r m a l ,  10* hy d ro  and 
40* b a s e  l o a d  c a p a c i t y .  The r e s p o n s e s  show th e  l a r g e r  and l o n g e r  
f requency  d e v i a t i o n  a s s o c ia t e d  w ith  an in c re a s e  i n  n o n - re g u la t in g
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c a p a c i ty  and  t h e  i n c r e a s i n g  a c t i v i t y  o f  th e  h y d r o - t u r b i n e  a s  i t  
becomes a s m a l l e r  p a r t  of the system.
6 .3  OPERATION OF THE GRID FREQUENCY CORRECTION MECHANISM
F ig u re  6 .16  show s th e  s i m u l a t e d  sy s te m  f r e q u e n c y ,  i n j e c t e d  
frequency  and r e a l  g r i d  f r e q u e n c y  s i g n a l s  f o r  th e  t e s t  shown i n  
F igure  6.15 p l o t t e d  over a lo n g e r  time sca le .  The i n j e c t e d  s ig n a l  
i s  o f f s e t  t o  c o m p e n s a te  f o r  th e  g r i d  f r e q u e n c y  d i s t u r b a n c e  
o c c u r r in g  t o w a r d s  th e  end o f th e  t e s t .  There  i s  no s ig n  o f  a 
d e v ia t io n  i n  t h e  t u r b i n e  p o w e r  o u t p u t  and  t h i s  s h o w s  t h e  
e f f e c t i v e n e s s  o f  th e  g r i d  f r e q u e n c y  c o r r e c t i o n  m echan ism . N ote  
t h a t  t h e  g r i d  f r e q u e n c y  and i n j e c t e d  s i g n a l s  a r e  p l o t t e d  on a 
d i f f e r e n t  s c a l e .
6 .4  HYDRAULIC GOVERNOR IN A MIXED SYSTEM WITH TWO THERMAL UNITS
F o llow ing  the  t e s t s  w i th  the dual coal p la n t  model s im u la to r  
on No.3 machine w i th  i t s  e l e c t r o n i c  governor, s im i l a r  s tu d ie s  were 
performed on th e  h y d r a u l i c  te m p o ra ry  droop g o v e rn o r  on No.2 
machine. (No. 1 m ach in e  had been  u sed  i n  e a r l i e r  t e s t s  o f  t h i s  
type, r e p o r t e d  i n  S e c t i o n  4 .2 , b u t  i t  w as n o t  a v a i l a b l e  a t  t h i s  
t im e .)  The t e s t  s ig n a l  was i n j e c t e d  v i a  the  r a i s e / l o w e r  c o n t ro l s  
as  d e s c r i b e d  i n  S e c t i o n s  2.2 and 4.2. The c a l i b r a t i o n  f i g u r e  f o r  
the s p e e d e r  m o to r  on t h i s  s e t  w as m e asu re d  to  be 8 s f o r  a f u l l ­
load  c h a n g e  i n  o u t p u t  i . e .  a 3$ change i n  f r e q u e n c y .
The s im u la te d  system  was provided w ith  10% hydro p la n t  i n  th e  
form of th e  r e a l  h y d ro - tu rb in e ,  two r e g u la t in g  (4$ droop) r e h e a t  
thermal u n i t s  o f  e q u a l  c a p a c i t y  and some base  l o a d  p l a n t .  The 
therm al u n i t  c a p a c i t i e s  w ere reduced to g e th e r  i n  accordance w i th  
the amount o f  n o n - r e g u la t in g  p la n t  se lec ted .  One therm al u n i t  was 
o p e ra t in g  a t  90$ and the o th e r  a t  70$ m.c.r. and the i n i t i a l  power 
ou tpu t from th e  h y d ro - tu rb in e  was 10MW.
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F ig u re s  6 .17 ,  6 .18 and 6 .19, f o r  0, 20 and 40$ b ase  l o a d  
r e s p e c t i v e l y ,  show th e  re sp o n ses  of the system to  10$ in c re a s e s  i n  
demand a p p l i e d  t h r o u g h  a f i r s t - o r d e r  l a g .  T h is  l a g  had  a t im e  
c o n s ta n t  o f  2 .5 s  an d  w as u sed ,  a s  d e s c r i b e d  i n  S e c t i o n  2 .5 ,  to  
avo id  t h e  r a t e - l i m i t i n g  e f f e c t  o f  th e  s p e e d e r  m o to r  i n j e c t i o n  
techn ique . As t h e  am ount o f  b a se  l o a d  c a p a c i t y  i s  i n c r e a s e d ,  th e  
f requency  s w in g  b ecom es  l a r g e r  and th e  h y d r o - t u r b i n e  i s  c a l l e d  
upon t o  p r o v i d e  m o re  o f  t h e  d e f i c i t .  The m in im um  s y s t e m  
f r e q u e n c ie s  a r e  a b o u t  49 .61 ,  49.48 and 49.28Hz f o r  th e  s y s te m s  
w ith  0 , 20 and  40$ b a s e  l o a d  r e s p e c t i v e l y .  The s i m u l a t e d  s y s tem  
frequency p l o t s  a p p e a r  q u a n t i s e d  b e c a u s e  t h e y  h ad  t o  be 
r e c o n s t r u c t e d  f ro m  th e  r e c o r d  o f  th e  p u l s e s  a p p l i e d  t o  th e  
r a i s e / l o w e r  c o n t r o l  a
F ig u re  6 .20  show s a r e p e a t  o f  th e  te m p o ra ry  d ro o p  g o v e rn o r  
t e s t  w i t h  40$ b a s e  l o a d  ( F ig u r e  6 .19) a t  a h i g h e r  l o a d  l e v e l .  I n  
t h i s  t e s t ,  t h e  i n i t i a l  pow er o u tp u t  from  th e  h y d r o - t u r b i n e  w as 
20MW. I t  c a n  be s e e n  t h a t ,  a s  w i t h  th e  e l e c t r o n i c  g o v e rn o r  t e s t s ,  
the f req u en cy  sw ing  i s  s l i g h t l y  l a r g e r  a t  the  h ig h e r  lo a d  l e v e l ,  
r e a c h in g  49.23Hz. T h i s  i s  due to  th e  i n c r e a s e d  p i p e l i n e  t im e  
co n s tan t .  N ote  t h a t  F i g u r e s  6.19 and 6.20 have been  p l o t t e d  o v e r  
d i f f e r e n t  t i m e  s c a l e s .  A seco n d  r u n  of  t h i s  t e s t  w i t h  the  same 
p a ram e te rs  and i n i t i a l  c o n d i t io n s  confirm ed the  r e p e a t a b i l i t y  of 
the r e s u l t s  o b ta in e d  u s in g  the speeder motor i n j e c t i o n  technique.
6 .5  A COMPARISON OF THE WO GOVERNOR TYPES
In  o r d e r  t o  make a c o m p a r is o n  b e tw ee n  th e  r e s p o n s e s  o f  th e  
double d e r i v a t i v e  and  te m p o ra ry  d ro o p  g o v e r n o r s ,  one o f  th e  
p rev ious  t e s t s  on th e  e l e c t r o n i c  governor on No.3 machine had used 
a la g g ed  demand t r a n s i e n t  w ith  a tim e c o n s tan t  of 2.5s. The r e s u l t  
of t h i s  t e s t  i s  shown i n  F ig u r e  6.21 and th e  fo rm  o f  th e  demand
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d is tu rb a n c e  i s  show n i n  F ig u r e  6.22. The sy stem  c o m p o s i t io n  w as 
50* t h e r m a l  i n  t h e  fo rm  o f  two u n i t s  a t  d i f f e r e n t  o p e r a t i n g  
p o in ts ,  40* base  lo a d  and 10* tydro . The i n i t i a l  power ou tpu t from 
the h y d r o - t u r b i n e  w as  20MW and  th e  r e s p o n s e  i s ,  t h e r e f o r e ,  
d i r e c t l y  com parab le  w i th  the  t e s t  of the  temporary droop governor 
shown i n  F ig u re  6.20. (F igu re  6.15 shows the corresponding  double 
d e r i v a t i v e  re sp o n se  f o r  a s te p  in c re a s e  i n  demand.)
These tw o t e s t s  show c l e a r l y  t h a t  th e  ty p e  o f  g o v e rn o r  
a f f e c t s  th e  shape of th e  h y d ro - tu rb in e  power t r a j e c to r y .  I t  can be 
seen t h a t  th e  d o u b le  d e r i v a t i v e  g o v e rn o r  h a s  a m ore r a p i d  and 
s u s ta in e d  re sp o n se .  With the  temporary droop governor, the  hydro 
power o u tp u t  te n d s  to  f a l l  back s l i g h t l y  a f t e r  the therm al p la n t  
has r e s t o r e d  t h e  s y s te m  f r e q u e n c y  to  a r e a s o n a b l y  s t e a d y  v a lu e .  
The minimum system  frequency  i s  only s l i g h t l y  improved from 49.23 
to  49.28H z, b u t ,  c o n s i d e r i n g  t h e  s m a l l  r e l a t i v e  c a p a c i t y  o f  th e  
h y d ro - tu rb in e ,  t h e  im p ro v e m e n t  i n  th e  sy s tem  f r e q u e n c y  a t  120s 
from 49.43Hz ( F i g u r e  6 .20) t o  49.55Hz ( F ig u r e  6.21) i s  v e ry  
s i g n i f i c a n t .  The r e d u c t io n  i n  d is tu rb a n ce  to  the therm al p la n t  i s  
a l so  w o r th w h ile .
6 . 6  CONCLUSION
The r e s u l t s  p r e s e n t e d  i n  t h i s  c h a p t e r  h av e  i l l u s t r a t e d  a 
number of th e  f e a t u r e s  of the behaviour of a n u c le a r -h y d ro - th e rm a l  
power system . More im p o r ta n t ly ,  they have dem onstra ted  th e  a b i l i t y  
of the power system  s im u la to r  to  i n v e s t i g a t e  the response  of mixed 
system t o  l o a d i n g  d i s t u r b a n c e s  and to  e s t a b l i s h  th e  m e r i t s  o f  
p a r t i c u l a r  g o v e r n o r  c o n f i g u r a t i o n s  on a r e a l  h y d r o - t u r b i n e .  The 
use o f  a m u l t ip r o c e s s o r  s im u la t io n  v e h ic le  to  r e l i e v e  c o n s t r a i n t s  
on the problem s i z e  h as  a l so  been dem onstra ted  i n  the environm ent 
of o n - l i n e  t e s t s  a t  a power s ta t io n .
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L a b e ls  f o r  F ig u re s  6.1 to  6 .22
FES -  s im u la te d  system frequency
POH -  h y d ro - tu rb in e  power output
POC -  c o a l - f i r e d  p la n t  power ou tpu t
P0C1 -  c o a l - f i r e d  p la n t  1 power outpu t
P0C2 -  c o a l - f i r e d  p la n t  2 power ou tpu t
FESCR -  s im u la te d  system frequency c o r re c te d  f o r  g r id  frequency
d e v i a t i o n s  
GFREQ -  r e a l  g r i d  frequency
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F ig u re  6.1  Mixed system t e s t  w ith  e le c t r o n ic  governor 











Figure 6 .2  Mixed system te s t  with electron ic  governor
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F ig u re  6 .3  Mixed system t e s t  w ith  e l e c t r o n ic  governor 











Figure 6 .4  Mixed system te s t with electron ic  governor
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F ig u re  6 .5  Mixed system t e s t  w ith  e l e c t ro n ic  governor 











Figure 6.6 Mixed system test with electron ic  governor
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F ig u re  6 .7  Mixed system t e s t  w ith  e l e c t r o n ic  governor 











Figure 6 .8 Mixed system te s t  with electron ic  governor













0.0 Time { s ) 120.0
F ig u re  6 .9  Mixed system t e s t  w ith  e l e c t r o n ic  governor 
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F ig u re  6.11 Mixed system t e s t  w ith  two thermal u n i t s  














F ig u re  6 .12  Mixed system t e s t  w ith  two thermal u n i t s  
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F ig u re  6 .13  Mixed system t e s t  w ith  two thermal u n i t s  












F ig u re  6 .14  Mixed system t e s t  w ith  two thermal u n i t s  
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F ig u re  6 .1 5  Mixed system t e s t  w ith  two thermal u n i t s  
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F ig u re  6 .17  Mixed system t e s t  w ith  h y d rau lic  governor 
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F ig u re  6 .18  Mixed system t e s t  w ith  h y d rau l ic  governor 
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F ig u re  6 .19  Mixed system t e s t  w ith  hy d rau lic  governor 
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F ig u re  6 .20  Mixed system t e s t  w ith  hy d rau lic  governor 







8 1 .2 5
P0C1
4 3 .7 5
8 1 .2 5
P0C2
4 3 .7 5
0 .0  Time ( s ) 1 2 0 .0
F ig u re  6.21 Mixed system t e s t  w ith  e l e c t r o n ic  governor 
(10$ hydro, 50$ therm al, 40$ base load )
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CHAPTER 7
APPLICATION OF THE TECHNIQUE TO DIESEL ENGINES IN AN ISOLATED
POWER SYSTEM
P re v io u s  c h a p te r s  have d e sc r ib e d  the development, t e s t i n g  and 
subsequen t use o f  th e  r e a l - t i m e  power system s im u la to r  on hydro­
tu rb in e  g e n e r a t o r s  a t  Loch S lo y  Power S t a t i o n .  These g e n e r a t o r s  
have a r a t i n g  o f  3 2 .5 MW w h ich  i s  s m a l l  i n  th e  c o n t e x t  o f  th e  
n a t io n a l  g r i d  (maximum d em an d  o v e r  40GW®^). C o n s e q u e n t l y ,  
g e n e ra to r  o u t p u t  v a r i a t i o n s  i n  t h e  c o u r s e  o f  a t e s t  w i t h  th e  
s im u la to r  h av e  o n ly  a n e g l i g i b l e  e f f e c t  on th e  f r e q u e n c y  o f  th e  
g r id  system . The ru n n in g  o f  a t e s t  does not i t s e l f  a l t e r  the  r e a l  
system c o n d i t i o n s  s e e n  by th e  g o v e rn o r .  For c o n v e n ie n c e ,  th e  
e f f e c t s  o f  u n r e l a t e d  g r id  f requency  d is tu rb a n c e s  can be n u l l i f i e d  
by o f f s e t t i n g  th e  i n j e c t e d  t e s t  s ig n a l  by an a p p ro p r ia te  amount. 
This i s  n o t  a b s o l u t e l y  e s s e n t i a l  b e c a u se  th e  l i k e l i h o o d  o f  th e  
g r id  f r e q u e n c y  r e m a i n i n g  r e a s o n a b l y  c o n s t a n t  d u r in g  a t e s t  i s  
f a i r l y  h igh  and any a f f e c t e d  t e s t s  can be repea ted .
However, th e s e  fa v o u ra b le  c o n d i t io n s  would not be encountered  
i f  t h e  p o w e r  s y s te m  s i m u l a t o r  w e re  to  be u sed  on l a r g e r  h y d ro ­
tu r b in e s  s u c h  a s  t h o s e  i n  th e  p u m p e d -s to ra g e  s t a t i o n s  a t  F o y e r s  
(150MW g e n e r a to r s ) ,  D inorw ig (300MW) o r the  proposed C ra ig  Royston 
scheme, o r  i f  o n - l i n e  t e s t s  were to  be performed on steam p la n t  a t  
P e te rhead  (660MW), f o r  example. Changes i n  outpu t from g e n e ra to r s  
of t h i s  s i z e  h a v e  a n  a p p r e c i a b l e  e f f e c t  on th e  n a t i o n a l  g r i d  and 
the r e s u l t i n g  c h a n g e s  i n  s y s te m  f r e q u e n c y  w ould  be s e e n  by th e  
governor. I n  e f f e c t ,  t h e r e  i s  a f e e d b a c k  c o u p l in g  from  th e  
governor t e s t  i n p u t  c a u s i n g  t h e  change i n  power o u tp u t ,  th ro u g h  
the r e a l  pow er s y s te m  t o  a change  i n  f r e q u e n c y  s e e n  a t  th e  
governor sum m ing  j u n c t i o n .  Some o f  th e  e f f e c t  of th e  t e s t  i n p u t
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s ig n a l  i s  undone by a change i n  th e  r e a l  system c o n d i t io n s  and th e  
power s y s te m  s i m u l a t o r  w ou ld  have to  c o n te n d  w i th  t h i s  f e e d b a c k  
coupling. G r id  f r e q u e n c y  d i s t u r b a n c e s  d u r in g  t e s t  r u n s  w ou ld  no 
lo n g e r  be a  m a t t e r  o f  ch an c e ,  th e y  w ould  be a c e r t a i n t y .  In  t h i s  
s i t u a t i o n ,  some mechanism to  c o r r e c t  f o r  these  d is tu rb a n c e s  would 
be e s s e n t i a l  i n  o r d e r  t o  i s o l a t e  th e  p l a n t  under  t e s t  from  th e  
e f f e c t s  o f  i t s  own a c t i o n s  on th e  r e a l  ay stem.
Although P e te rh e ad  and Foyers were considered  f o r  t e s t s  w i th  
the pow er s y s te m  s i m u l a t o r ,  i n  t h e  e v e n t ,  n e i t h e r  o f  th e s e  w ere  
a v a i la b le .  However, a s i m i l a r  s i t u a t i o n  was encountered  when the 
s im u la to r  w a s  a p p l i e d  t o  d i e s e l  e n g in e  g e n e r a t o r s  a t  S to rn o w ay  
Power S t a t i o n  i n  t h e  W e s te r n  I s l e s  o f  S c o t l a n d .  These m a c h in e s  
o p e ra te  i n  a power system  i s o l a t e d  from the m ainland g r id  and so 
the g e n e r a to r  under t e s t  was supp ly ing  a s i g n i f i c a n t  p ro p o r t io n  of 
the  lo ad .  At t im e s ,  th e  t e s t  machine c o n s t i tu te d  as  much as 50$ of 
the g e n e r a t i n g  p l a n t  on th e  i s l a n d  sy s tem . T h is  s i t u a t i o n  
p re sen te d  d i f f i c u l t i e s  f o r  th e  s i m u l a t o r  t e c h n iq u e  o f  g r e a t e r  
s e v e r i t y  t h a n  w o u ld  be e x p e c t e d  i f  th e  e q u ip m e n t  was u sed  f o r  
t e s t s  on any m ain land  g en era tio n .  This chap te r  d e s c r ib e s  how these  
d i f f i c u l t i e s  w ere overcome, i n s o f a r  a s  t h i s  was p o s s ib le ,  and how 
the te c h n iq u e  was a p p l ie d  to  th e  study of a w in d -d ie s e l  system.
7-1 THE BENEFIT OF ON-LINE TESTS OF DIESEL ENGINE RESPONSE
D ie s e l  g e n e r a to r s  a r e  an a p p ro p r ia te  a p p l i c a t io n  of the  power 
system s i m u l a t o r  b e c a u s e  th e  d y n am ics  o f  th e  e n g i n e s  and  t h e i r  
governors  sire no t p a r t i c u l a r l y  w ell  known. Very l i t t l e  has
been p u b l i s h e d  on th e  dynam ic  m o d e l l i n g  of  t h i s  ty p e  o f  p l a n t ,  
a lthough  some a u t h o r s  h av e  u sed  co m p u te r  s i m u l a t i o n  o f  th e  
thermodynamic c y c le  i n  the  des ign  p r o c e s s .  M a n u f a c tu r e r s  have 
a v a i l a b l e  e m p i r i c a l  s t e a d y - s t a t e  m o d e ls  w h ich  can  be u sed  to  
c a l c u l a t e  v a r io u s  o u tp u t s  f o r  a g iven se t  of in p u ts  but provide no
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i n d i c a t i o n  o f  how t h e  p l a n t  w i l l  move from  one s t a t e  t o  a n o th e r .
Such a  m ode l h a s  b e e n  i n c o r p o r a t e d  i n  sy s tem  s i m u l a t i o n  s t u d i e s  
164
w ith  some s u c c e s s  and o th e r s  have in tro d u ced  a form of lagged  
behav iour by i n t e r p o l a t i n g  l i n e a r l y  between i n i t i a l  and p re d ic te d  
f i n a l  s t a t e s  over  a s u i t a b l e  tim e i n t e r v a l . 16^
Some i d e n t i f i c a t i o n  s t u d i e s  have been c a r r i e d  o u t  on one o f  
the  S to rn o w a y  d i e s e l  e n g i n e s  (N o .3 ) ,168,169 b u t  one o f  t h e s e 168 
was in te n d e d  f o r  perfo rm ance m o n i to r in g  and the  r e s u l t i n g  model i s  
only v a l i d  f o r  sm a l l  a c .  s ig n a l s  of frequency g r e a t e r  than  about 
0.5Hz. I t  a l s o  d o e s  n o t  i n c l u d e  an  o b s e rv e d  p u re  t im e  d e la y .  The 
outcome o f  t h e  o t h e r  s tu d y  was a n o n - l i n e a r  d i f f e r e n c e  e q u a t i o n  
model r e l a t i n g  f u e l  r a c k  p o s i t i o n  t o  e n g in e  t o r q u e , 169 b u t  
docum entation  o f  t h i s  m odel i s  n o t  c o m p le te .  Knowledge g a in e d  
during  th e  t e s t s  d e s c r i b e d  h e r e  s u g g e s t s  t h a t  m o d e ls  b a sed  on 
i d e n t i f i c a t i o n  w o rk  on one p a r t i c u l a r  m ach ine  may n o t  be t y p i c a l  
of th e  r e s t  o f  the e n g in e a  C e r ta in ly ,  the  e l e c t r o n i c  governor on 
No.3 eng ine  can be v e ry  much more re sp o n s iv e  than  th e  mechanical 
governors  u s e d  on th e  o t h e r  s e t a  E x p e r i e n c e  a l s o  shows t h a t  no 
two d i e s e l  e n g i n e s  h a v e  q u i t e  th e  same b e h a v io u r  and a l s o  t h a t  
even t h i s  d i s s i m i l a r  behaviour of an engine changes w i th  t im e  i n  
some r e l a t i o n  t o  t h e  num ber o f  h o u r s  ru n  s i n c e  i t s  l a s t  o v e rh a u l  
and t o  i t s  lo n g - te rm  m ain tenance  h is to ry .
As a  c o n s e q u e n c e  o f  t h e s e  f a c t o r s ,  use  o f  th e  power sy s tem  
s im u la to r  s h o u ld  p r o v i d e  f u r t h e r  i n s i g h t  i n t o  th e  r e s p o n s e  o f  
power sy s te m s  in c o r p o r a t in g  d ie s e l  p lan t .  I t  a l lo w s  s tu d ie s  to  be 
performed w h e re  t h e  d y n a m ic s  o f  a r e a l  d i e s e l  e n g in e  and i t s  
governor a r e  coup led  i n t o  a system response study thus  o b v ia t in g  
the need f o r  a  model o f  t h i s  component of the system. Although the 
engine u s e d  i n  t h e  s tu d y  w i l l  p ro v id e  on ly  an ex am p le  o f  th e  
behaviour, t h e  r e s u l t s  o b t a i n e d  s h o u ld  s t i l l  be more r e a l i s t i c
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than t h o s e  o b t a i n e d  o f f - l i n e  w i th  e x i s t i n g  m ode ls .  E x p e r ie n c e  
shows t h a t  the  c o n d i t io n s  encountered  by a co n tro l  system on r e a l  
p la n t  a r e  a lm o s t  i n v a r i a b l y  more onerous than  f i r s t  a n a l y s i s  would 
sugges t  and  o n - l i n e  t e s t s  d i s p l a y  f e a t u r e s  o f  b e h a v io u r  n o t
p r e d ic te d  by o f f - l i n e  s im u la t io n .
7 .2  THE WESTERN ISLES POWER SYSTEM
Along w i t h  t h e  S h e t l a n d  I s l a n d s ,  th e  O u te r  H e b r id e s  a r e  no t 
connected  t o  th e  m ain land  e l e c t r i c i t y  supply , a lthough  the  la y in g  
of a s u b m a r i n e  c a b l e  l i n k  i s  p ro p o sed .  L ew is  and H a r r i s  a r e  
su p p lie d  by n ine  d ie s e l  e n g in es  a t  Stornoway Power S t a t i o n  w ith  a 
t o t a l  i n s t a l l e d  c a p a c i t y  o f  30.4MW and, a t  C h l i o s t a i r  and Gi s i  a, 
th ree  sm a l l  h y d r o - e l e c t r i c  g e n e ra to r s  t o t a l l i n g  2.16MW. Two 11MW 
gas t u r b i n e s  a r e  a v a i l a b l e  b u t  a r e  n o t  n o rm a l ly  u sed  f o r  l o n g  
periods . The r a t i n g s  and  i n e r t i a  c o n s t a n t s  o f  th e  i n d i v i d u a l
machines a r e  a s  f o l l o w s :  (T h e re  i s  no l o n g e r  a No.4 m achine a t
S to rnow ay .)
R ating H co n s tan t
(MW) (s )
Stornoway No.1 2 .0 1.73
Stornoway No. 2 2 .0 1.73
Stornoway No.3 4.6 2.00
Stornoway No. 5 3.0 1.60
Stornoway No.6 2 .0 1.73
Stornoway No. 7 3.5 1.74
Stornoway No. 8 3 .5 1.74
Stornoway No. 9 4.6 2.00
Stornoway No. 10 5.2 2.00
C h l i o s t a i r  No. 1 0.81 0.847 ( in d u c t io n )
C h l i o s t a i r  No.2 0.81 0.847 ( in d u c t io n )
G i s l a 0.54 0.549 (synchronous)
U sing  E q u a t i o n  3*47» th e  o v e r a l l i n e r t i a  c o n s t a n t  Wi
c a l c u l a t e d  t o  be 1 .78s .  W i th o u t  t h e  h y d ro  p l a n t ,  t h e  v a l u e  i s  
1.85 s.
The f r e q u e n c y  o f  th e  W e s te rn  I s l e s  sy s tem  i s  much l e s s  
t i g h t l y  c o n t r o l l e d  t h a n  t h a t  o f  th e  m a in la n d  sy s tem . F ig u r e  7.7 
shows a  l o g  o f  th e  system  frequency du ring  a period  o f  r e l a t i v e l y
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c lo se  r e g u l a t i o n .  I n  c o n t r a s t ,  t h e  e f f e c t  o f  th e  s w i t c h i n g  o f  
la r g e  i n d u s t r i a l  l o a d s  can  be s e e n  i n  F ig u r e  7 . 8 . A l o g  o f  th e  
mainland s y s t e m  f r e q u e n c y  i s  a l s o  shown f o r  c o m p a r iso n  ( F ig u re  
7 .9 ) .
7 .3  SIMPLE DIESBL ENGINE MODELS FOB PRELIMINARY STUDIES
170Woodward has  su g g es ted  th a t  d ie s e l  engine governors  may be
r e p re s e n te d  by a t r a n s f e r  f u n c t i o n  e q u i v a l e n t  to  t h a t  shown i n
F igure  7.1 an d  t h a t  t h e  m a j o r i t y  o f  speed  g o v e rn o r s  u sed  a r e  o f
the  h y d r a u l i c  type  w i th  a temporary droop c h a r a c t e r i s t i c  a s  shown.
The m e ch an ic a l  g o v ern o rs  i n s t a l l e d  on the  Stornoway d i e s e l s  a re  o f  
171t h i s  ty p e .  T i s  d e t e r m in e d  by th e  s e rv o  g eo m e try  and i s  n o t
a d ju s ta b le ,  b .^ a n d  a r e  th e  te m p o ra ry  d roop  o r  ' c o m p e n s a t in g '
feedback  g a in  and t im e  c o n s ta n t  r e s p e c t iv e ly  and a r e  a d ju s te d  a t
no l o a d  w i t h  th e  g e n e r a t o r  u n s y n c h ro n is e d .  By c l o s i n g  a n e e d le
valve , i s  in c r e a s e d  u n t i l  s t a b l e  o p e ra t io n  i s  o b ta ined  f o r  the
ndnjnmm p o s s i b l e  v a l u e  o f  b^. I n  t h e  a b s e n c e  o f  an y  o t h e r
in fo rm a t io n ,  th e  eng ine i t s e l f  can be r e p re s e n te d  by a f i r s t - o r d e r
l a g  w i th  t im e  c o n s ta n t ,  T .e
170V alu es  o f  th e s e  p a ra m e te rs  w ere in d ic a te d  by Woodward. For
the a r ra n g e m e n t  shown i n  F igu re  7*1» th e se  were: Ty=0.025s, b^=0.1
170 jand T ^= 1 .0s .  An e n g i n e  t im e  c o n s t a n t ,  Tg o f  0 .1 s  was u sed ,  
supported  by a v a l u e s  o f  0 .0 6 4 s  a t  f u l l  l o a d  and 0 .117s  a t  no l o a d  
found by Goodwin and Ng172 on a 200kW d ie s e l  engine.
One o f  t h e  S to rn o w a y  d i e s e l s  (No.3) b a s  an  e l e c t r o n i c  
governor w i t h  t h e  a r r a n g e m e n t  shown i n  F ig u r e  7*2. The f r e q u e n c y  
and power m easurem ent l a g s ,  and and the  a c t u a to r  l a g ,  a r e  
0.073, 0.60 and 0.12s r e s p e c t iv e ly .  The o th e r  p aram ete rs  a r e  g iven  
by
g = 128 ( 1-a) 7 *1
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“ a ( 1—a ) (1—b) 7 .4
The c o n s t a n t s ,  a  and b a r e  d e t e r m in e d  by th e  g a i n  and r e s e t
p o te n t io m e te r  s e t t i n g s  r e s p e c t iv e ly .  The v a lu e s  of these  c o n s ta n ts
were no t known but re a s o n a b le  behaviour i n  o f f - l i n e  s im u la t io n  was
o b ta in e d  w i t h  a and  b b o th  e q u a l  t o  0.2.
7 .4  TEST SIGNAL INJECTION POSSIBILITIES
The o r i g i n a l  i n t e n t i o n  was to  ca rry  out t e s t s  on No.3 engine 
w ith  i t s  e l e c t r o n i c  governor which had p ro v is io n  f o r  the  i n j e c t i o n  
of a t e s t  f r e q u e n c y  s i g n a l  i n  much th e  same way a s  th e  S loy  
m ic ro p ro cesso r  g o v e r n o r .  M easu rem e n ts  o f  th e  r e a l  and r e a c t i v e  
power o u t p u t s  f ro m  S e t s  3 and  9 w e re  a l s o  a v a i l a b l e  i n  th e  fo rm  
of d .c . v o l t a g e s .  However, two p ro b le m s  a r o s e  t h a t  p r e v e n te d  th e  
use o f  the  s e t  i n  c o n ju n c t io n  w ith  the power system s im u la to r .
No.9 e n g in e  w as  u sed  t o  make a slow change to  t h e  sy s tem  
frequency  o f  a b o u t  0.4Hz and  th e  change  i n  power o u t p u t  f ro m  No.3 
was m easured. The s t e a d y - s t a t e  droop of the  e l e c t r o n i c  governor on 
No.3 m achine w as then  c a l c u la te d  to  be about 4$ u s ing  th e  machine 
r a t i n g  g i v e n  i n  S e c t i o n  7.2. A verage f r e q u e n c y  and power v a l u e s  
were u s e d  by w o r k in g  f ro m  a d a t a  l o g g e r  p l o t .  When th e  l o a d  on 
No.3 w as c h a n g e d ,  t h e  d ro o p  o f  th e  h y d r a u l i c  g o v e rn o r  on No.9
engine w as found  to  be around 5$.
In  a c c o r d a n c e  w i t h  th e  u s u a l  o n - s i t e  p ro c e d u re ,  a  v a r i a b l e  
d.c. v o l t a g e  so u rce  was a p p l ie d  to  the t e s t  s ig n a l  i n j e c t i o n  p o in t  
i n  o rd e r  to  confirm  i t s  o p e ra t io n  and to  measure i t s  gain. When a 
s tep  c h a n g e  i n  v o l t a g e  w as  a p p l i e d  to  t h i s  i n p u t ,  c o n s i d e r a b l e  
r in g in g  w a s  o b s e r v e d  on t h e  th e  power o u tp u t  t r a c e .  F ig u r e  7.10 
shows t h e  e f f e c t  o f  a 2V s te p .  The d i s c o n t i n u o u s  i n p u t  c a u s e s  a
severe  o s c i l l a t i o n  a t  a b o u t  2Hz b u t  on ly  a s m a l l  s t e a d y - s t a t e  
change. A p p l i c a t i o n  o f  th e  same v o l t a g e  change i n  th e  form  of a 
ramp o v e r  a b o u t  4 s  c a u s e d  no r i n g i n g .  Even w i th  a r e s p o n s i v e  
frequency  m e a s u r e m e n t  w i t h  a r i s e  t im e  of a b o u t  0 .1s ,  th e  sy s tem  
frequency  t r a c e  show s no s ig n  o f  any o s c i l l a t i o n .  However, th e  
power o u t p u t  on  No.9 m a c h in e  r i n g s  i n  a n t i - p h a s e  w i t h  t h e  No.3 
s ig n a l .  T h is  s u g g e s ts  t h a t  r o to r  angle  o s c i l l a t i o n  i s  ta k in g  p lace  
with the  g e n e r a to r s  exchanging energy a long the  11kV busbar. At no 
s tage w ere  in te r -m a c h in e  swings e x c i te d  by speeder motor a c t io n  on 
any of  th e  machines.
A rrangem ents  w ere  made to  lo g  the  governor outpu t du ring  the  
t r a n s i e n t  and some s ig n  of the o s c i l l a t i o n  was seen. Although the 
r e l i a b i l i t y  o f  th e  s ig n a l  was doub tfu l ,  the  observed o s c i l l a t i o n  
was p r o b a b l y  th e  g o v e r n o r ’ s r e s p o n s e  to  th e  r o t o r  a n g le  s w in g s  
ap p ea r in g  a s  a s p e e d  o s c i l l a t i o n  a t  i t s  i n p u t .  The speed  s i g n a l  
i s  d e r iv e d  l o c a l l y  to  the g en e ra to r  and so the o s c i l l a t i o n  i s  seen 
by t h e  g o v e r n o r  w h i l e  i t  i s  a b s e n t  from  th e  sy s tem  f r e q u e n c y  
measurement w hich  i s  o b ta in e d  from a 240V a.c. supply e l e c t r i c a l l y  
remote from  th e  g e n e ra to r .
The t e s t  f requency  in p u t  was c a l ib r a t e d  during  th e se  t e s t s  by 
c a l c u l a t i n g  th e  a p p a r e n t  change  i n  f r e q u e n c y  a t  th e  summing 
ju n c t io n  i n  t h e  g o v e rn o r .  T h is  i s  t h e  sum of two p a r t s :  The 
frequency  change r e q u i r e d  to  produce the observed change in  power, 
w ith a  d ro o p  o f  4$ ; and  t h e  o b s e rv e d  s y s te m  f r e q u e n c y  d e v i a t i o n  
caused by the  power change. (When the t e s t  s ig n a l  i s  a p p l ie d ,  some 
of i t s  e f f e c t  i s  undone by a change i n  f r e q u e n c y  on t h e  i s l a n d  
system a s  the  eng ine  ta k e s  up or reduces  load. This e f f e c t  must be 
taken  i n t o  a c c o u n t  w hen t h e  s e n s i t i v i t y  o f  th e  t e s t  i n p u t  i s  
c a l c u l a t e d . )  F o l l o w i n g  g a i n  a d j u s t m e n t ,  th e  s c a l i n g  o f  th e  i n p u t  
was e s t a b l i s h e d  to  be 0.5HzV .
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At t h i s  s ta g e ,  i t  was apparen t  t h a t  No.3 engine was very much 
more r e s p o n s i v e  t h a n  No.9. F i g u r e  7 .11 shows th e  r e s p o n s e  o f  th e  
two m a c h in e s  on r e c o n n e c t i o n  o f  th e  33kV l i n e  to  H a r r i s .  Some 
r o to r  a n g l e  o s c i l l a t i o n  i s  a g a i n  e v i d e n t ,  b u t  i t  i s  q u i t e  c l e a r  
th a t  N0 .3  e n g in e  p r o v i d e s  a v e ry  much g r e a t e r  c o n t r i b u t i o n .  
U n fo r tu n a te ly ,  no s y s te m  f r e q u e n c y  l o g  w as o b ta in e d  f o r  t h i s  
event.
7 .5  OPERATION OF THE GRID FREQUENCY CORRECTION MECHANISM
In  o rd e r  to  o b se rv e  more c l e a r ly  the e f f e c t s  on the system a s  
a whole, th e  f i r s t  t e s t s  on No. 3 s e t  were a t tem p ted  du ring  n ig h t­
time l o w - l o a d  c o n d i t i o n s  w hen No. 9 e n g in e  w as th e  o n ly  o t h e r  
p la n t  runn ing .  T h is  a l s o  meant t h a t  the  inconvenience to  i s l a n d e r s  
would be m in im ise d  i n  the  even t o f  untoward happenings. With only 
two s e t s  on , t h e  e n g in e  u n d e r  t e s t  c o n s t i t u t e d  50$ o f  th e  sy s tem  
g e n e ra t io n  a n d  t h e  f g r id *  f r e q u e n c y  c o r r e c t i o n  t e r m  w a s  
in c o rp o ra te d  i n  t h e  s i m u l a t o r  i n  o r d e r  to  i s o l a t e  th e  s i m u l a t e d  
system f ro m  f r e q u e n c y  c h a n g e s  i n  th e  r e a l  sy s tem . The b lo c k  
diagram show n i n  F i g u r e  7*3 d e p i c t s  th e  c o u p l in g  o f  th e  r e a l  and 
s im ula ted  power sy s te rn a
G i s  a  c o n s t a n t  w i t h  a v a l u e  b e tw e e n  0.0 and 1.0 s p e c i f i e d  c
in  th e  s i m u l a t o r .  T h is  d e t e r m i n e s  th e  e x t e n t  o f  c o r r e c t i o n  f o r
re a l  s y s t e m  f r e q u e n c y  d e v i a t i o n s  w i t h  a v a l u e  o f  1.0 g i v i n g  f u l l
compensation. U se  o f  t h i s  c o r r e c t i o n  m e c h a n is m  h a s  some
d e s t a b i l i s i n g  e f f e c t  on th e  g r id .  I f  Gc=1.0, the  engine under t e s t
no lo n g e r  c o n t r i b u t e s  to  the  r e g u la t io n  of the  r e a l  system and the
rem ain ing  p l a n t  m u s t  p e r fo rm  t h i s  t a s k  a lo n e .  For t h i s  r e a s o n ,  a
G v a l u e  o f  0.8 o r  0.9  w as  u se d  th r o u g h o u t  t h e s e  t e s t s ,  a l th o u g h  c
o p e ra t io n  w i t h  G =1.0 s h o u ld  be p o s s i b l e .  For th e  t e s t s  on th e  
c
Stornoway d i e s e l  e n g i n e s ,  th e  c o r r e c t i o n  w as o n ly  a p p l i e d  i f  th e  
system f req u en cy  rem ained  between 49*6 and 50.4Hz.
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Im m edia te ly  f o l lo w in g  th e  s t a r t  of a run, when th e  s im u la to r  
i s  g iv e n  c o n t ro l  of the  governor and engine, the i n j e c te d  s ig n a l ,  
i n i t i a l l y  z e ro  v o l t s ,  should  change only by an amount necessary  to  
compensate f o r  any  d e v i a t i o n  o f  th e  sy s te m  f r e q u e n c y  from  i t s  
value  a t  th e  s t a r t  of the  t e s t .  I f  the  s im u la ted  system demand i s  
not c h a n g e d ,  th e  s i m u l a t o r  s h o u ld  h o ld  th e  t e s t  e n g i n e 1 s o u tp u t  
co n s ta n t ,  i r r e s p e c t i v e  o f  r e a l  sy s te m  f r e q u e n c y  c h an g e s  ( w i t h i n  
c e r t a i n  l i m i t s ) .
7 .6 SIMULATION OF ISOLATED OPERATION WITH THE ELECTRONIC GOVERNOR
D e sp ite  th e  d i f f i c u l t i e s  w i t h  r o t o r  a n g le  o s c i l l a t i o n s
e x c i te d  by th e  i n j e c t i o n  of  s te p  v o l ta g e s ,  an a t te m p t was made to
s im u la te ,  o n - l i n e ,  i s o l a t e d  lo a d  c o n d i t io n s  on No.3 s e t  u s ing  the
t e s t  e q u ip m e n t .  The s i m u l a t o r  w ou ld  n o t  n o rm a l ly  i n j e c t  s t e p
d is tu rb a n c e s ;  r a t h e r ,  i t s  o u t p u t  w ould  change a t  a f i n i t e  r a t e
determ ined  by t h e  i n e r t i a  o f  th e  s i m u l a t e d  s y s te m ,  a l th o u g h
in c r e a s in g  w i th  the  s i z e  of the g e n e ra t io n / lo a d  imbalance. As long
_ 1
as t h e  maximum r a t e  o f  i n j e c t i o n  w as l e s s  th a n  a b o u t  1Vs , 
s e r io u s  r o t o r  a n g le  o s c i l l a t i o n  would not occur.
When s im u l a to r  ru n s  w ere a t tem p ted  on No.3 s e t ,  i t  was found 
th a t  th e  m e ch an ica l  governor on No.9 machine was not s u f f i c i e n t l y  
r e s p o n s iv e  to  r e g u l a t e  th e  r e a l  system w i th in  a c c e p ta b le  l i m i t s .  
Even b e fo re  th e  a p p l i c a t i o n  of any s tep , N0.9 engine was not ab le  
to cope w i th  th e  power changes i n  th e  r e a l  system a s s o c ia te d  w ith  
the e x t r e m e l y  r a p i d  b e h a v io u r  o f  No.3 e n g in e  i n  th e  s i m u l a t e d  
system. Th f l u c t u a t i o n s  on t h e  i s l a n d  sy s te m  f r e q u e n c y  w ere  
unacoep tab ly  l a r g e .  S i m u l a t i o n  o f  i s o l a t e d  o p e r a t i o n  w as n o t  
p o s s ib le  on N0 .3  s e t  e v e n  w i t h  an u n r e a l i s t i c a l l y  l a r g e  i n e r t i a
time c o n s t a n t ,  T o f  20 s.a
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7.7  TESTS OF A MIXED DIESEL-THERMAL SYSTEM
I n  v ie w  o f  t h i s  d i f f i c u l t y  w i t h  t e s t i n g  on N0.3  e n g in e ,  a 
d e c i s io n  w as  made to  change  to  N0.9  and use  th e  s p e e d e r  m o to r  
i n j e c t i o n  t e c h n i q u e  d e s c r i b e d  i n  C h a p te r  2. The r e s p o n s i v e  
governor on No.3 w as t h e n  a v a i l a b l e  to  r e g u l a t e  th e  r e a l  sy s tem  
and a b so rb  changes  i n  g e n e ra t io n  w h ile  t e s t s  were c a r r i e d  out on 
the o th e r  machine.
A f te r  t h e  i n t e r f a c e  r e l a y  box h a d  b e e n  c o n n e c t e d  
a p p r o p r ia t e l y ,  the  sp e e d e r  motor c h a r a c t e r i s t i c s  were measured. By 
c o n t r o l l i n g  th e  speeder  motor from sw itch es  connected to  th e  da ta  
logge r,  p u l s e s  o f  m e a s u r a b l e  l e n g t h ,  T, w ere  a p p l i e d  and th e  
change i n  pow er o u t p u t ,  AP, o b se rv e d .  As w i t h  th e  c a l c u l a t i o n  o f  
the t e s t  i n p u t  s e n s i t i v i t y ,  i t  i s  n e c e s s a r y  to  t a k e  i n t o  a c c o u n t  
the ch an g e  i n  s y s te m  f r e q u e n c y ,  A f ,  c a u se d  by th e  a c t i o n .  The 
e f f e c t iv e  change i n  power o u tp u t ,  A F  i s
AfP
AP» = AP + jr-r2- 7 .5f  D 0 p
where PQ i s  th e  g e n e r a to r  r a t i n g ,  f Q i s  the  r a t e d  system frequency
(50Hz) and b i s  th e  governor droop (O.OSpu). The pu lse  l e n g th  fo r  
P
a f u l l  l o a d  change i s
p T
Tf l  = AP1 7 ,6
I t  w as  found  t h a t  the  speeder  motor would r e q u i r e  a r a i s e  or
lower o f  a b o u t  1 0 s  d u r a t i o n  t o  p ro v id e  a f u l l  lo a d  change  i . e .  an
apparen t ch an g e  o f  f r e q u e n c y  o f  5$ i f  t h i s  i s  th e  m e a su re d  v a l u e
of d ro o p .
B e fo re  i s o l a t e d  l o a d  s i m u l a t i o n  w as a t t e m p t e d  on No.9 
engine, t e s t s  w ere  f i r s t  c a r r i e d  ou t w ith  the s im u la to r  configured  
with th e  c o a l - f i r e d  th e rm a l  p la n t  model d esc r ib e d  i n  Chapter 3. A 
mixed d i e s e l - t h e r m a l  system i s  o f  l i t t l e  p r a c t i c a l  i n t e r e s t  i n  the 
OK, a l t h o u g h  su ch  s y s t e m s  do o c c u r  on l a r g e r  i s l a n d  s y s te m s
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overseas .  H ow ever, t h e  a v a i l a b i l i t y  o f  a c o n t r i b u t i o n  from  
s im u la ted  p l a n t  e a s e d  th e  d i f f i c u l t y  o f  c o u p l in g  a r e a l  d i e s e l  
engine i n t o  a  s im u la te d  system response t e s t .  O perating a lo n g sid e  
a c o a l - f i r e d  b o i l e r - t u r b i n e  u n i t  of equal s iz e ,  the d ie s e l  engine 
was r e l i e v e d  o f  t h e  need  t o  m e e t  t h e  l o a d  e x a c t l y .  The c o n f u s io n  
of l i m i t  c y c l e  o s c i l l a t i o n  w as , t h e r e f o r e ,  e l i m i n a t e d  and a 
te chn ique  f o r  t e s t s  could  be developed.
F ig u re  7 .12  show s th e  r e s p o n s e  of a 50$ d i e s e l / 5 0 $  th e r m a l  
system to  a  20$ s t e p  r e d u c t i o n  i n  lo a d .  I t  can  be s e e n  t h a t  No.9 
engine i s  q u i t e  h e a v i ly  damped i n  t h i s  c o n f ig u ra t io n .  O pera tion  o f  
the g r i d  f re q u e n c y  c o r r e c t io n  mechanism i s  a l so  ev id en t  here. The 
in j e c t e d  s ig n a l  i s  l a r g e r  than  the s im u la te d  system frequency i n  
o rder to  com pensate  f o r  the  f a l l  i n  r e a l  system frequency caused 
by th e  r e d u c t i o n  i n  o u tp u t  from the d ie s e l  engine. G was 0.8 f o r
v
t h i s  t e s t .
7 .8  SIMULATION OF ISOLATED OPERATION WITH THE HYDRAULIC GOVERNOR
F o llo w in g  th e  s u c c e s s  of the d ie s e l - th e rm a l  system t e s t s ,  the 
p o s s i b i l i t y  o f  i s o l a t e d  l o a d  s i m u l a t i o n  on No.9 e n g in e  w as 
i n v e s t ig a t e d .  F i g u r e  7 .13  show s a r u n  w here  th e  a l t e r n a t o r  t im e  
c o n s ta n t  w as 20s. L im i t  c y c le  o s c i l l a t i o n  can be seen a t  th e  s t a r t  
of th e  t r a c e  f o l l o w e d  by th e  r e s p o n s e  t o  a 10$ s t e p  i n c r e a s e  i n  
load. The o s c i l l a t i o n  c a u s e d  by th e  d i s t u r b a n c e  i s  o n ly  l i g h t l y  
damped. A l th o u g h  th e  s t a b i l i t y  o f  No.9 e n g in e  on i s o l a t e d  l o a d  i s  
c e r t a i n l y  m a rg in a l ,  i t  i s  u n l ik e ly  t h a t  t h i s  severe  o s c i l l a t i o n  i s  
a t ru e  p i c t u r e  o f  th e  m ach ine 's  behaviour, r a t h e r  i t  i s  the  e f f e c t  
of a d d i t i o n a l  l a g  an d  r a t e  l i m i t i n g  a s s o c i a t e d  w i t h  th e  s p e e d e r
motor i n j e c t i o n  tech n iq u e .
A ttem pts  t o  reduce  th e  a l t e r n a t o r  tim e co n s tan t  tow ards th e  
more r e a l i s t i c  v a l u e  o f  4 s  r e s u l t e d  i n  s u s t a i n e d  o r  g ro w in g  
o s c i l l a t i o n .  E x a m in a t io n  o f  an  a u x i l i a r y  s i g n a l  p ro d u ced  by th e
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s im u la to r  show ed a g r a d u a l  i n c r e a s e  i n  t h e  e r r o r  i n v o lv e d  i n  th e  
speeder m oto r i n j e c t i o n  technique. As the o s c i l l a t i o n  grows, the  
speeder m o to r  i s  u n a b le  to  keep  up w i t h  th e  r a p i d  ch a n g e s  i n  
f requency , a n d  t h e  r e s u l t a n t  l a g  f u r t h e r  i n c r e a s e s  t h e  
i n s t a b i l i t y .
7 . 9  THE INTEGRATION OF WIND ENERGY CONVERSION SYSTEMS
I n  r e c e n t  y e a r s ,  a t t e n t i o n  has  focussed  on l a r g e - s c a l e  power 
g e n e ra t io n  from R enew ab le ’ sou rces  such as wind, wave, t i d a l  and 
s o la r  energy . Wind power i s  probably the  most r e a d i ly  u t i l i s e d  f o r  
bulk e l e c t r i c i t y  p r o d u c t i o n  and, a l th o u g h  i t  w i l l  n ev e r  be 
p r a c t i c a b l e  t o  s u p p ly  t h e  UK e n t i r e l y  from  t h i s  s o u rc e ,  s e v e r a l  
w in d - tu rb in e s  o f  m o d e ra te  (250kW) t o  l a r g e  (3MW) s i z e  have  been  
i n s t a l l e d  around th e  B r i t i s h  I s l e s .
Wind e n e r g y  c o n v e r s i o n  s y s te m s  a r e  b e in g  c o n s t r u c t e d  i n  a 
number o f  c o u n t r i e s  and  s t u d i e s  o f  v a r i o u s  a s p e c t s  have been  
rep o r te d .  Many o f  th e se  wind tu r b in e s  o p e ra te  i n  con ju n c tio n  w ith  
d ie s e l  e n g i n e  g e n e r a t o r s ' ^ *  ^ ^ *  ^ ^ *  ^ ^ *  i n  r e m o te ,  i s o l a t e d  
power sys tem s  r a n g in g  i n  s i z e  from about 100MW maximum demand ( in  
C r e t e ) ^  down to  a  few k i l o w a t t s  (on rem ote te lecom m unica tions  
s i t e s ) . ^ 5 » 1 7 7  gome o f  t h e s e  s y s te m s  i n c l u d e  o i l - f i r e d  s team  
p l a n t ^  or s o l a r  power. ^ 5  >177
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The NSHEB, i n  p a r t i c u l a r ,  o p e ra te  w in d - tu rb in e s  i n  Orkney 
and S h e t l a n d ,  an d  t h e r e  a r e  p o s s i b l e  s i t e s  i n  th e  W e s te rn  I s l e s .  
The i n s t a l l a t i o n  o f  a e r o - g e n e r a t o r s  i n e v i t a b l y  h as  an  e f f e c t  on 
the l o n g - t e r m  s t a b i l i t y  o f  t h e s e  r e m o te ,  and i n  th e  c a se  o f  
S h e tlan d  and th e  W este rn  I s l e s ,  i s o l a t e d  power systems. Temporary 
i s o l a t i o n  o f  t h e  O rkney I s l a n d s  a l s o  o c c u r s  i n  th e  e v e n t  o f  a
f a u l t  on i t s  subm arine  cable.
Two q u e s t i o n s  a r i s e :  W i l l  th e  sy s tem  a s  a w h o le  a lw a y s  be 
ab le  t o  a c c o m o d a te  t h e  f l u c t u a t i n g  o u tp u t  o f  th e  a e r o - g e n e r a t o r
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and w i l l  a r e d u c t i o n  i n  c o n v e n t io n a l  r e g u l a t i n g  p l a n t  c a p a c i t y
a s s o c ia t e d  w i t h  a s i g n i f i c a n t  p e n e t r a t i o n  o f  w i n d - t u r b i n e  p l a n t
degrade t h e  r e s p o n s e  o f  t h e  s y s t e m  t o  g e n e r a t i o n / l o a d
d is tu rb a n c e s ?  G e n e r a l l y ,  th e  w ind  t u r b i n e s  w i l l  be o p e r a t i n g  i n
p a r tn e r s h i p  w i th  d i e s e l  g e n e ra to r s  and so th e  a c c e p t a b i l i t y  of the
wind pow er d e p e n d s  on th e  a b i l i t y  o f  th e  e n g i n e s  t o  a b s o r b  th e
v a r i a b i l i t y  o f  t h e  w i n d - g e n e r a t e d  c o n t r i b u t i o n .  In  f a c t ,  i f  i t s
c o n tro l  s y s te m  i s  c a r e f u l l y  d e s ig n e d ,  th e  w ind  t u r b i n e  may
a c t u a l l y  im p ro v e  t h e  f r e q u e n c y  r e g u l a t i o n  o f  th e  s y s t e m , 1^ 8
w ith o u t  th e  need t o  r e s o r t  to  f a s t - s w i tc h e d  dump lo a d s .18^'
7 .10 SIMULATION STUDIES OF VIND-DIES& SYSTEMS
O f f - l i n e  s im u la t i o n  s tu d ie s  o f  w ind-energy in t e g r a t i o n  have
been r e p o r t e d  by a number o f  a u t h o r s ^ ^  8 0 *^8  ^>182,183,184
164in c lu d in g  t h e  NSHEB , a l t h o u g h  n o t  a l l  of t h e s e  c o n s id e r  p l a n t
dynamics an d  s y s te m  c o n t r o l  i s s u e s .  Some use an  h o u r - b y - h o u r
s im u la t io n  t o  a s s e s s  t h e  e c o n o m ic  b e n e f i t  o f  w in d  e n e r g y
u t i l i s a t i o n ^ 8^ ' ^8  ^ o r  t o  e v a l u a t e  th e  r e l i a b i l i t y  o f  th e  m ixed
g e n e ra t io n  s y s t e m J 8^ 8^ A part from the s im ple  model of a w ind-
181tu rb in e  w i t h  an  i n d u c t i o n  g e n e r a t o r  u sed  by B o s s a n y i ,  t h e s e
l a t t e r  s t u d i e s  do n o t  in c lu d e  the dynamics of the system.
Some i n v e s t i g a t i o n s  o f  w i n d - d i e s e l  sy s tem  c o n t r o l  u se  a
p e r io d ic  f u n c t i o n  o r  a random  t im e  s e r i e s  r a t h e r  th a n  a dynam ic
164 184model to  r e p r e s e n t  th e  a e ro -g e n e ra to r  power output. f A w ind- 
t u r b i n e ^  s e n s i t i v i t y  t o  s y s te m  f r e q u e n c y  d e v i a t i o n s  e i t h e r  
through i t s  m echan ica l t r a n s m is s io n  or i t s  co n tro l  system cannot 
be r e p r e s e n t e d  i n  t h i s  way.
Computer s i m u l a t i o n  h a s  been  w id e l y  u sed  i n  th e  d e s ig n  o f  
a e r o - g e n e r a to r s  w o r ld w id e  and , c o n s e q u e n t ly ,  a w id e  ra n g e  o f
models have been p u b lish e d ,  see, f o r  example, References 185, 186,
191
187, 188 , 189 , 190 and  191, a l th o u g h  some o f  t h e s e  a r e  n o t
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s u f f i c i e n t l y  d e t a i l e d  f o r  system response s tu d ie s .  Im plem entation  
of w i n d - t u r b i n e  m o d e ls  i s  r e l a t i v e l y  s t r a i g h t f o r w a r d ,  and , i n  
c o n t r a s t  t o  d i e s e l  e n g i n e s ,  th e  dy n am ics  o f  th e  a e r o - g e n e r a t o r s  
are n o t  p a r t i c u l a r l y  t i m e - d e p e n d e n t  so th e  a c c u ra c y  o f  th e  
s im u la t io n  s h o u ld  be h ig h .
Wind t u r b i n e s  in te n d e d  f o r  o p e ra t io n  on a la rg e  power system 
can u s e  c a g e  i n d u c t i o n  g e n e r a t o r s ,  p o s s i b l y  w i t h  f i x e d - p i t c h  
tu rb in e s ,  a l l o w i n g  s i g n i f i c a n t  c o s t  s a v i n g s . 1^2 However, on 
sm aller  s y s t e m s ,  i t  i s  d e s i r a b l e  f o r  th e  w ind  t u r b i n e s  to  
c o n t r ib u te  t o  s y s t e m  v o l t a g e  an d  f r e q u e n c y  c o n t r o l  and  so 
synchronous g e n e r a t o r s  a r e  n o r m a l ly  p r e f e r r e d . 1 ^  The Orkney 
machines a r e  o f  t h i s  ty p e  and so s i m u l a t i o n  m o d e ls  o f  i n d u c t i o n  
a e r o - g e n e r a to r s ,  s u c h  a s  d e s c r i b e d  i n  R e f e r e n c e s  165 and 192, a r e  
not a p p r o p r i a t e  f o r  a s tudy o f  i s o l a t e d  w in d -d ie s e l  system s i n  the  
UK.
I n t e r e s t  w as  shown i n  t h e  p o s s i b i l i t y  o f  p rog ram m ing  th e  
power system  s im u l a to r  w i th  a s u i t a b l e  w in d - tu rb in e  dynamic model 
and u s in g  i t  to  in c o r p o r a te  a r e a l  d ie s e l  engine i n  a study of the  
behaviour o f  a  w in d - d ie s e l  system.
7.11 FEATURES OF VIED TURBINE DYNAMICS
The d e s i g n  o f  w i n d - t u r b i n e  g e n e r a t o r s  h a s  ra n g e d  w id e ly
throughout t h e i r  d e v e lo p m e n t .  However, a l l  d e s ig n s  a t t e m p t  to
decouple the  g e n e r a to r  from  wind speed f lu c t u a t i o n s  by abso rb ing
the r e s u l t i n g  s h o r t - t e r m  blade torque f l u c t u a t i o n s  i n  th e  gearbox
193and c o u p l in g  be tw een  th e  r o t o r  and the genera to r .
I n  some d e s ig n s ,  th e  ca s in g  o f  the  gearbox i s  f r e e  to  r o t a t e  
over a l i m i t e d  a n g l e  a g a i n s t  s p r i n g s  and dam pers  i n  o r d e r  t o  
in t ro d u c e  some c o m p l ia n c e  i n t o  t h e  t r a n s m i s s i o n .  T h is  s o f t  
shaft* c o n f i g u r a t i o n  i s  w i d e l y  u s e d  w i t h  s y n c h r o n o u s  
g e n e r a t o r s . 1 ^
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I t  i s  p o s s i b l e  to  use a f ix e d  p i t c h  tu rb in e  and a synchronous
g e n e ra to r  w i t h  s t a t i c  r e c t i f i e r / i n v e r t e r  f r e q u e n c y  
194 195co n v ers io n  » t o  a l l o w  th e  t u r b i n e  speed  to  v a ry ,  bu t t h i s  
op tion  t e n d s  t o  be e x p e n s i v e 189 and i s  n o t  w e l l  s u i t e d  to  
o p e ra t io n  i n  an  i s o l a t e d  system.
Only one s im u l a t i o n  model was im plem ented s in ce  the  o b je c t iv e  
of t h e  w o rk  r e p o r t e d  h e r e  w as  to  e s t a b l i s h  w h e th e r  th e  power 
system s im u l a to r  could  be a p p l ie d  to  t h i s  problem; a comparison of 
w in d - tu rb in e  c o n t r o l / c o u p l in g  des igns  being o u tw ith  the scope of
t h i s  t h e s i s .  The e x a m p le  c h o s e n  w as t h e  3 MW, 60m d ia m e te r  a e r o -  
189g e n e ra to r  i n s t a l l e d  on Orkney and due to  be co m m iss io n ed  i n  
1987. T h i s  m a c h in e  u t i l i s e s  a nove l form of m e c h a n ic a l  power 
t r a n s m is s io n  and i t s  s i z e  i s  ty p ic a l  of r e c e n t ly  co n s tru c te d  wind- 
tu r b in e s  t h r o u g h o u t  t h e  w o r ld .  In  v iew  o f  th e  s m a l l  s i z e  o f  th e  
Orkney a n d  W e s te r n  I s l e s  power s y s te m s  (minimum demand a ro u n d  
4Mf1^ 8 ) ,  th e  3MW r a t i n g  o f  th e  i n s t a l l a t i o n  would r e p re s e n t  a very 
s i g n i f i c a n t  p e n e t r a t i o n  o f  w i n d - t u r b i n e  p l a n t  i n  th e  e v e n t  o f  
s e p a r a t io n  from  th e  n a t io n a l  g r id .
7 .12 A SIMULATION MODEL OF THE 3MW WIND TURBINE
In  t h i s  d e s i g n ,  t h e  sy n c h ro n o u s  g e n e r a t o r  i s  d i r e c t l y  
connected t o  th e  g r i d  and  i s  d r iv e n  by th e  t u r b i n e  th ro u g h  a 
d i f f e r e n t i a l  gearbox. Hie t h i r d  s h a f t  of the  gearbox i s  coupled to  
a v a r i a b l e  s p e e d  !r e a c t i o n  m a c h in e 1 w h ich  i s  s u p p l i e d  from  a 
v a r i a b le  f r e q u e n c y  r e c t i f i e r / i n v e r t e r .  Hie r e a c t io n  machine a c t s  
as  a t o r q u e  c o n t r o l l e r  and  t u r b i n e  t o r q u e  f l u c t u a t i o n s  a r e  
accomodated by a l l o w i n g  t h e  t u r b i n e  s h a f t  speed  t o  d e v i a t e  from  
the g e n e r a to r  s h a f t  speed. The g en e ra to r  to rque  i s  determ ined  by 
the r e a c t i o n  machine to rq u e .
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7 . 1 2 . 1  T orq ue T r a n s m is s io n  S y stem
A m a t h e m a t i c a l  m odel o f  t h e  t r a n s m i s s i o n  s y s t e m  and  i t s  
c o n t r o l  w a s  a v a i l a b l e 1®  ^ an d  a b l o c k  d ia g r a m  d e s c r i b i n g  t h e  
t r a n s i e n t  b e h a v i o u r  i s  show n i n  F i g u r e  7 .4 .  T h i s  m o d e l d e s c r i b e s  
th e  b e h a v io u r  f o r  p e r t u r b a t i o n s  a b o u t  an  o p e r a t i n g  p o i n t  i .e .  th e  
s t e a d y - s t a t e  v a l u e s  o f  t h e  v a r i a b l e s  a r e  z e r o .  The f o l l o w i n g  
p a r a m e te r  v a l u e s ,  p r o v i d e d  by GEC E n e rg y  S y s t e m s  L t d . ,  w e r e  u s e d  
i n  t h e  m odel:
High r a t e  to rq u e  c o n t ro l  c o n s ta n t
c1 = 2400 Nmsrad"1
Low r a t e  to rq u e  c o n t r o l  c o n s ta n t Kc0 = 150 Nmsrad
T u rb in e  s h a f t  i n e r t i a
J b = 3144 kgm2
R e a c t io n  m achine i n e r t i a ^m = 3 3 8  kgm2
I n e r t i a  co m p en sa tio n  c o n s ta n t
kj
= 313 kgm2
A ll o f  t h e s e  a r e  v a l u e s  r e f e r r e d  to  the  g e n e r a to r  s h a f t  (1500rpm,
— 1 p1 5 7 .0 8 ra d s  ).  The i n e r t i a  o f  th e  synchronous g e n e r a to r  i s  195kgm
w hich  can  be u sed  w i t h  E q u a t io n  3*36 to  c a l c u l a t e  th e  g e n e r a t o r  H 
c o n s t a n t  a s  0 .8 0 2 s .
The g e a r b o x  s y s t e m  c a n  be d e s c r i b e d  by t h e  f o l l o w i n g  
e q u a t i o n s :
f b -  (To* -  W  '  J b 7 - 7
u a  = wb "  157-08 ( f s  "  15 7 ,8
« < « ,  -  a . , )  /  To 7 ' 9
w here  w. and  ^  a r e  th e  t u r b i n e  s h a f t  and r e a c t i o n  m achine sp eed s  b m
( r a d s " 1) T and  T a r e  the  t u r b i n e  and g e n e r a to r  t o r q u e s  (Nm), 
* ow og
f fl i s  t h e  s i m u l a t e d  sy s tem  fre q u e n c y  and i s  an  i n t e r m e d i a t e
v a r i a b l e .  A s u i t a b l e  v a l u e  f o r  TQ w a s  f o u n d  t o  be 0 .1 s  u s i n g  o f f ­
l i n e  s i m u l a t i o n .  T h is  t im e  c o n s ta n t  i s  on ly  in t r o d u c e d  t o  make th e  
d e r i v a t i v e  te rm  r e a l i s a b l e  and to  p ro v id e  some f i l t e r i n g  and i t s
v a lu e  i s  n o t  c r i t i c a l .
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The g e n e r a to r  to rq u e  i s
7 .10
and the  per u n i t  g e n e ra to r  power i s
T
7.11
where KQ i s  th e  t o r q u e  c o n t r o l  g a in  and 0 . i s  th e  p e r  u n i t
W w
o p e ra t in g  p o i n t  o f  t h e  w ind  t u r b i n e  and T i s th e  f u l l  l o a d  
g en e ra to r  to rq u e  (19098.6Nm). The ab so lu te  g en e ra to r  to rque  i s
I n  o r d e r  t o  c o m p e n sa te  f o r  th e  i n e r t i a  o f  th e  r e a c t i o n  
machine, a d d i t i o n a l  to r q u e  i s  g e n e r a t e d  p r o p o r t i o n a l  to  th e  
r e a c t io n  m a c h in e  a c c e l e r a t i o n .  The e f f e c t i v e  r e a c t i o n  m ach ine  
i n e r t i a  i s  th e n
J ;  -- J m -  7 .13
The t o r q u e  c o n t r o l  a l g o r i t h m  f o r  th e  r e a c t i o n  m ach ine  i s  
shown d iagram  a t i c a l l y  in  F ig u re  7.5. Reaction machine torque and 
thus g e n e r a t o r  t o r q u e  i s  c o n t r o l l e d  a s  a f u n c t i o n  o f  r e a c t i o n
machine speed. When th e  tu rb in e  speed l i e s  between the  l i n e s  w U5 (
and iJg£jg, a c h a n g e  i n  t u r b i n e  speed  ( i . e .  a change i n  r e a c t i o n  
machine s p e e d )  c a u s e s  t h e  to r q u e  to  change a c c o r d in g  t o  t h e  low 
value to r q u e / s p e e d  c o n s ta n t ,  Kcq. Wind g u s ts  or troughs, or c y c l ic  
v a r i a t i o n s ,  t e n d  t o  a c c e l e r a t e  or d e c e l e r a t e  th e  t u r b i n e  and th e  
g en e ra to r  to rq u e  i s  m a in ta in ed  s u b s t a n t i a l l y  constan t.  When a drop 
i n  wind speed  and hence tu rb in e  torque causes the  tu rb in e  speed to  
drop below t h a t  d e f in e d  by the c h a r a c t e r i s t i c  ^ 5^ 7 * the r e a c t io n  
machine t o r q u e  i s  r e d u c e d  i n  sym pathy , a c c o r d in g  to  a g r a d u a l l y  
in c re a s in g  t o r q u e / s p e e d  g a in .  I f  the  t u r b i n e  speed  r e a c h e s  t h a t  
de f ined  by th e  r e a c t i o n  machine torque i s  reduced accord ing
to t h e  h i g h  v a l u e  t o r q u e / s p e e d  c o n s t a n t ,  Kc »^ The t o r q u e
T = 7.12e
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c o n t r o l l e r  b e h a v e s  i n  t h e  same m anner f o r  i n c r e a s e s  i n  r e a c t i o n  
machine speed  e x c e p t  t h a t  the g en e ra to r  to rque  i s  in c re a se d  r a th e r  
than red u ce d .
The to rq u e  c o n t ro l  a lg o ri th m  can be implemented as  fo l lo w s :
^ k c  = wm + (To f l  "  Te> > Ko1
Kod “ Kc 0 f ° r  «5 < wk0 < w6
Kcd -  Ko0 + (W5 -  " ta >
ir
cgrad f o r  U, < « k0 < « 5
Kod •  Kc 1 f o r w ke < W 1
Ked = Kc0 + (Uko -  V Kcgrad f o r  u 2 > u k0 > W6
Kcd -  KC1 fo r  wk0 > u2 7.14
where
K - cgrad  cj5
+ Kc0 
- wi
K , + K „. o1 oO
u 2 "  u 6
7.15
The s e l e c t e d  v a lu e  of Kod l s - f i l t e r e d  w ith  a f i r s t - o r d e r  l a g
to o b ta in  K : c
d t (Kod ■ V  t  Tkc 7.16
The f i r s t - o r d e r  l a g  i s  u sed  to  sm ooth o u t  th e  e f f e c t s  o f  th e
d i c o n t i n u i t i e s  caused by s w itc h in g  Kc(j. Using o f f - l i n e  s im u la tio n ,
a s u i t a b l e  v a lu e  of T was found to  be Is.kc
U n fo r tu n a te ly ,  n e i t h e r  th e  c h a r a c t e r i s t i c s  o f  th e  t u r b i n e  
blades nor th e  d e t a i l s  o f  th e  t ip -b la d e  p i tc h  angle co n tro l  system 
on t h i s  t u r b i n e  had been pub lished . GEC were not i n  a p o s i t io n  to  
provide e x a c t  d e t a i l s  o f  these  components. However, a reaso n ab le  
s u b s t i t u t i o n  was made u s in g  the corresponding  in fo rm a t io n  f o r  the  
American DOE/NASA 2.5MW (MOD-2) w in d - tu r b i n e . 187,188  Although i t  
employs a  more c o n v en t io n a l  des ign  of s o f t  t ra n sm is s io n ,  t h i s  i s  a 
comparable machine which has been used a s  th e  b a s is  f o r  a co n tro l  
system study .
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7 . 1 2 . 2  T u r b in e  B la d e  C h a r a c t e r i s t i c s
The tu r b in e  b la d e s  w ere not modelled in d iv id u a l ly  and so wind
shear and to w er  tu rb u le n c e  e f f e c t s  were not included . O s c i l l a t i o n
of the  d r i v i n g  f o r c e  a t  a frequency  corresponding  to  tw ice  r o to r
speed i s ,  t h e r e f o r e ,  no t modelled. The yaw c o n tro l  system was not
of i n t e r e s t  h e r e  and was not in c lu d ed  e i th e r .
Im p e r ia l  u n i t s  w e re  u sed  i n  th e  d o c u m e n ta t io n  o f  t h i s  
187model and so wind v e l o c i t y  i s  measured i n  m ile s  per hour r a th e r  
than m e t r e s  p e r  s e c o n d  a l t h o u g h  th e  v a l u e  i n  th e  S I  u n i t  w i l l  be 
given i n  b r a c k e t s  i n  th e  fo l lo w in g  s e c t i o n a
The t u r b i n e  c h a r a c t e r i s t i c s  a r e  n o n - l i n e a r  so an  a b s o l u t e  
model i s  u s e d  and  t h e  t u r b i n e  s h a f t  speed  m ust be r e f e r r e d  from  
1500rpm (1 5 7 .0 8 r a d s “ ^ ) t o  17.55rpm (1 .8 3 7 8 ra d s “ ^) i n  a b s o l u t e  
form:
wbb = (1 + isrToff’ 1l8378 7,17
The t i p  speed  r a t i o ,  #  i s  then given by
r - J r -  7 - 18bb
where V i s  th e  wind speed (mph), and the pcwer c o e f f i c i e n t  i s  
w
Cp = 0 .5  ( # -  0.022B2 -  5 .6 )  e 7 .19
where B i s  th e  b lade  a n g le .
The to rq u e  g e n e ra te d  by th e  r o to r  i s
Tow = °*0001372 1* Cp tf 7.20
where T* i s  a  n o r m a l i s e d  v a r i a b l e  w i t h  a v a lu e  o f  1.0 g iv i n g  
ow
fu l l  lo a d  o u tp u t .  For E quation  7.7, T i s  c a lc u la te d  fromow
ip -  T fT' -  0 1.) 7*21ow " o f l   ^ ow wt
For t h i s  w in d - tu r b in e ,  ’c u t - i n ’ wind speed i s  13mph (5.8 ms )
a n d  f u l l - l o a d  o u t p u t  i s  r e a c h e d  w i t h  a w ind  sp eed  o f  M5 mph 
(20. 1ms~^) .
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7 . 1 2 . 3  T ip -b la d e  P i t c h  C o n tro l
In  t h e  a b s e n c e  o f  more e x a c t  i n f o r m a t i o n ,  th e  t i p - b l a d e  
co n tro l  system  shown i n  F igure  7.6 was used i n  the s im u la t io n  The 
c o n t r o l l e r  was d e s c r ib e d  by the  fo l lo w in g  equ a t io n s :
Pe r r  = ( f s  ‘  f ref> '  bp + pow “ pr e f  7 ' 22
-siXi .  p
d t  e r r  7.23
where Pr g f  i s  t h e  pow er o u tp u t  s e t - p o i n t ,  bp i s  d e s i r e d  d roop ,
f r e f  i s  a f re q u e n c y  r e f e r e n c e  and x.j i s  an in te rm e d ia te  v a r i a b le
used t o  i m p le m e n t  t h e  i n t e g r a t o r .  The p i t c h  a n g le  demand, B i s
d
given by the  e x p re s s io n
Bd = V e r r  + Kl x1 7-24
Using an  o f f - l i n e  s im u la t io n ,  s u i t a b l e  v a lu e s  of the p ro p o r t io n a l
and i n t e g r a l  g a i n s ,  Kp and w ere  found  to  be 2.0 and 0.2
r e s p e c t iv e ly .  These s e t t i n g s  were chosen to  make the p i tc h  c o n tro l
very slow , f o r c i n g  th e  r e a c t i o n  machine to  accommodate a s  much as
p oss ib le  of any d is tu rb a n c e .
The p i t c h  a c t u a to r  was d esc r ib e d  by the  d i f f e r e n t i a l  equation
«  ■ (Ba -  B) 1 TP 7 - 2 5
where th e  p i t c h  servo  t im e  co n s tan t ,  Tp was taken  to  be 59ms, t h i s
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being t h e  v a l u e  f o r  a 100kW w ind  t u r b i n e  o f  s i m i l a r  d e s ig n
supported  by a  v a l u e  o f  50ms f o r  a 6MW m a c h in e .^ 0  L i m i t s  o f  ±.10
190d e g re e s /se c  w ere  imposed on the  r a t e  o f  blade p i tc h  movement ,
186although th e  v a lu e  of +8 d e g re e s /se c  used by Hwang i s  s l i g h t l y  
more r e s t r i c t i v e .  The b la d e  a n g le  p o s i t i o n  w as l i m i t e d  t o  th e  
range 0 t o  90 d e g r e e s .
7.13 ON-LINE TESTS WITH THE WIND TURBINE MODEL
The w ind  t u r b i n e  model d esc r ib ed  above was implemented i n  the 
s im ulator .  The e q u a t i o n s  and d a t a  a r e  l i s t e d  i n  A ppendix 4. Three 
types o f  t e s t s  w ere perform ed w ith  t h i s  s im u la t io n  in  con junc tion
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with S to rn o w a y  N0.9  e n g in e .  The com bined  w i n d - d i e s e l  sy s tem  was 
p e r tu rb e d  w i t h  s t e p  i n c r e a s e s  i n  w ind  sp eed ,  w ind g u s t s  and 
g e n e ra t io n  d e f i c i t  i n c i d e n t s .  I n  each  ty p e  of t e s t ,  a l l  th e  
d is tu rb a n c e s  used  w ere of the same s ig n  i.e .  wind speed re d u c t io n  
and e x c e s s  g e n e r a t i o n  i n c i d e n t s  w e re  no t i n v e s t i g a t e d .  T h is  w as 
only due t o  l a c k  o f  t im e  on—s i t e  and t h e r e  i s  no r e a s o n  why such  
p e r tu r b a t io n s  c o u ld  n o t  be used.
7 .13.1  Response t o  a  S tep  Change i n  Wind Speed
T h is  ty p e  o f  d i s t u r b a n c e  w as i n v e s t i g a t e d  f i r s t  b ecau se  i t  
produces t h e  m o s t  e a s i l y  a n a l y s e d  r e s p o n s e s .  A lthough  a s t e p  
change i n  w in d  s p e e d  i s  n o t  a r e a l i s t i c  p e r t u r b a t i o n ,  i t  i s  an 
approx im ation  t o  a ch an g e  i n  mean w ind  sp eed  and th e  com bined  
system m u s t  be a b l e  to  cope w i th  such a d i s t u r b a n c e .  For th e s e  
t e s t s ,  t h e  s i m u l a t o r  w as c o n f ig u r e d  f o r  e q u a l  p r o p o r t i o n s  o f  
d ie se l  and w in d  p l a n t .  T h is  i s  a p p r o p r i a t e  b eca u se  th e  3MW wind 
tu rb in e  c o u l d  c o n c e i v a b l y  p r o v id e  h a l f  o f  th e  g e n e r a t i o n  o f  an 
i s o l a t e d  s y s t e m  th e  s i z e  o f  Orkney o r  th e  W e s te rn  I s l e s .  T h is  
choice of p la n t  p ro p o r t io n s  a lso  s i m p l i f i e s  the i n t e r p r e t a t i o n  of 
the p r e l im in a r y  t e s t s  r e p o r te d  here.
The r e s p o n s e  o f  t h e  w i n d - d i e s e l  sy s tem  to  a s t e p  change i n  
wind speed  from  30mph (13*4ms"“ ) to  32.5mph (14.5ms i s  shown i n  
Figure 7.14. The wind tu rb in e  i s  i n i t i a l l y  ab le  to  absorb some of 
the e x t r a  e n e r g y  by a l l o w i n g  th e  r o t o r  and r e a c t i o n  m ach ine  to  
a c c e le r a te .  The power ou tpu t  in c re a s e s  r e l a t i v e l y  slow ly a t  t h i s  
stage. H ow ever,  o nce  th e  r e a c t i o n  m ach ine  sp eed  a p p ro a c h e s  i t s  
l im i t ,  t h e  e x t r a  t o r q u e  m ust  be t r a n s f e r r e d  to  t h e  g e n e r a t o r  by 
in c re a s in g  th e  t o r q u e  c o n t r o l  g a in ,  KQ. A c t in g  more s lo w ly ,  th e  
t i p - b la d e  p i t c h  a n g l e  c o n t r o l  i n c r e a s e s  t h e  b la d e  a n g le  i n  o r d e r  
to r e t u r n  g r a d u a l ly  the  tu rb in e  o u tpu t  to  i t s  s e t  po in t  which w i l l  
be t e m p o ra r i ly  reduced  by th e  h igh system frequency fo l lo w in g  the
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Wind s te p .  The d i e s e l  e n g in e 's  o u tpu t  i s  reduced to  compensate fo r  
the i n c r e a s e  i n  power from the  wind tu rb in e .
Although th e  s im u la te d  system remained i n  a reasonably  steady 
s t a t e  a f t e r  the  s t a r t  of th e  run  shown i n  F igure  7*14, i t  was much 
more common i n  t h e  w i n d / d i e s e l  sy s tem  t e s t s  f o r  l i m i t  c y c le  
o s c i l l a t i o n s  t o  b u i l d  up a l m o s t  im m e d ia te ly .  The w ind  t u r b i n e  
i n i t i a l l y  c o n t r i b u t e s  v e r y  l i t t l e  to  th e  sy s tem  c o n t r o l  b e ca u se  
the t o r q u e  c o n t r o l  g a in ,  Kc i s  s e t  to  i t s  low v a l u e  m aking  th e  
power o u t p u t  i n s e n s i t i v e  to  r e a c t i o n  m achine speed  and hence  
system freq u en cy .  Consequently , the d ie s e l  engine i s  e f f e c t iv e l y  
o p e ra t in g  i n  i s o l a t e d  c o n d i t i o n s  and l i m i t  c y c l e  o s c i l l a t i o n s  
caused by b a c k l a s h  i n  th e  f u e l  r a c k  l i n k a g e s  and e l s e w h e r e  b u i l d  
up r a p i d l y  a s  soon a s  th e r e  i s  a s l i g h t  p e r tu rb a t io n  from the  r e a l  
or s im u la te d  system s.
T h is  s i t u a t i o n  can  be s e e n  i n  F ig u r e  7 .15 w here  l a r g e  
amplitude o s c i l l a t i o n  and a downward d r i f t  of th e  d i e s e l  e n g in e  
output and s im u la te d  system f re q u e n c ie s  i s  ev ident. This downward 
d r i f t  o c c u r re d  i n  a l l  ru n s  where s u s ta in e d  o s c i l l a t i o n  occurred. 
To i n v e s t i g a t e  t h i s ,  a s e r i e s  of a l t e r n a t e  r a i s e  and low er pu lses  
of l e n g t h ,  T, e a c h  s e p a r a t e d  by th e  same t im e ,  T, w as a p p l i e d  to  
the speeder  m otor on th e  t e s t  machine fo r  about fo u r  minutes. With 
0.5s p u ls e s ,  t h i s  produced a downward d r i f t  of about 1.3kWs  ^ even 
though t h e  s y s te m  f r e q u e n c y  d r i f t e d  down w i th  th e  d e c l i n e  i n  
g e n e ra t io n  a t  a b o u t  0 .30m H zs"1. (The sy s tem  f r e q u e n c y  w ould  have 
to  r i s e  t o  p ro d u c e  a downward d r i f t . )  W ith T=0.1s, th e  minimum 
d u ra t io n  o f  p u ls e  g en e ra ted  by the s im u la to r ,  a downward d r i f t  of 
about 1.1kWs“ 1 took  p la c e  w ith  a frequency dec l in e  of 0.26mHzs . 
This e x p e r i m e n t  w as  n o t  r e p e a t e d ,  so i t  i s  n o t  c e r t a i n  t h a t  th e  
sh o r te r  p u l s e s  w ould a lw ays produce a slow er d r i f t .
I t  i s  c l e a r  t h a t  th e  s p e e d e r  m o to r  t r a v e l s  more r a p i d l y  i n
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the lo w e r  d i r e c t i o n ,  but i t  i s  not c l e a r  why longer pu lses  should 
produce a f a s t e r  r a t e  o f  d r i f t .  I t  may be t h a t  t h e r e  i s  a second  
e f f e c t  w h e re  t h e  s p e e d e r  m o to r  a c c e l e r a t e s  more r a p i d l y  i n  th e  
r a i s e  d i r e c t i o n  and w hich w i l l  be more pronounced f o r  a t r a i n  of 
s h o r te r  p u l s e s  t h u s  r e d u c i n g  th e  r a t e  o f  d r i f t .  N o t ic e  t h a t  i n  
Figure 7 .1 5 ,  t h e  r a p i d  d r i f t  o c c u r s  w i th  p u l s e s  of a b o u t  4 s  
d u ra t io n  c l o s e l y  spaced w hereas th e re  i s  no d r i f t  a t  the s t a r t  of 
Figure 7 .12  e v e n  th o u g h  th e  r a i s e  and lo w e r  c o n t r o l s  a r e  b e in g  
opera ted  f r e q u e n t l y  w i th  s h o r t  p u ls e s .  C om plete  and c o n c l u s i v e  
e x p la n a t io n  o f  t h i s  e f f e c t  r e q u i r e s  f u r t h e r  i n v e s t i g a t i o n .  
However, i t  seems t h a t  a low er pulse on t h i s  p a r t i c u l a r  r e la y  box 
and sp eed e r  m otor com bina tion  i s  a few pe rcen t more e f f e c t iv e  than 
a r a i s e  pu lse .  A s i m i l a r  but l e s s  pronounced e f f e c t  had, i n  f a c t ,  
been o b se rv ed  a t  Sloy d u ring  the t e s t s  d escr ibed  i n  S ec t io n  4.2.1.
W hatever th e  e x p l a n a t i o n ,  t h i s  d r i f t  i n t e r f e r e s  w i th  th e  
te s t .  As th e  d i e s e l  power o u tp u t  d r i f t s  downwards so too does the 
s im ulated  system  frequency  and the  wind tu rb in e  r e a c t io n  machine 
speed i n c r e a s e s  u n t i l  a p o i n t  i s  r e a c h e d  w here  th e  w ind  t u r b i n e  
torque c o n t ro l  becomes more a c t iv e  and c o n t r ib u te s  to  th e  system 
frequency r e g u l a t i o n  and reduces  the l i m i t  cycle o s c i l l a t i o n .  I f  
the w in d  s p e e d  s t e p  i s  now a p p l i e d  a s  i n  F ig u r e  7*15, th e  w ind  
tu rb in e  i s  u n a b l e  t o  a b s o r b  any of th e  e x t r a  e n e rg y  b eca u se  th e  
r e a c t io n  m a c h in e  sp eed  i s  a l r e a d y  h igh  f o l l o w i n g  th e  d r i f t .  The 
t e s t  i s ,  t h e r e f o r e ,  n o t  a t r u e  i n d i c a t i o n  of th e  w i n d - d i e s e l  
system’ s  r e s p o n s e .
To a v o i d  t h i s  p ro b le m ,  th e  w ind  speed  s t e p  m ust be a p p l i e d  
before th e  system  h a s  had a chance to  d r i f t .  F igure 7.16 shows the 
response o f  th e  system to  a wind speed s te p  from 30mph (13.4ms )
to 32.5mph (1 4 .5 m s” 1) a p p l i e d  d u r in g  th e  p e r io d  o f  l i m i t  c y c le  
o s c i l i i a t i o n .  P o i n t - o f - w a v e  s w i t c h i n g  w as used  to  o b t a i n  a
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r e p e a ta b le  r e s p o n s e  o f  r e a s o n a b l e  c l a r i t y .  The s t e p  w as a p p l i e d  
when th e  d i e s e l  e n g i n e  o u t p u t  w as a t  th e  bo ttom  of a downswing. 
This p o in t ,  which i s  th e  o p p o s ite  of the  usual procedure, was used 
because th e  a b s o r p t i o n  of the  i n i t i a l  p a r t  of the wind speed s tep  
causes  a  d e l a y  o f  a b o u t  h a l f  th e  l i m i t  c y c l e  o s c i l l a t i o n  p e r io d  
befo re  a l a r g e  change i n  o u tp u t  appea rs  from the wind tu rb ine .
A l i m i t  c y c l e  o s c i l l a t i o n  r e g im e  o f  s m a l l e r  a m p l i t u d e  and 
longer  p e r i o d  i s  e v i d e n t  a f t e r  th e  s t e p  h as  been  a p p l i e d  and th e  
wind t u r b i n e  h a s  b een  moved to  a r e g i o n  o f  i t s  c h a r a c t e r i s t i c  
where i t  c o n t r i b u t e s  s i g n i f i c a n t l y  to  sy s tem  r e g u l a t i o n .  I f  th e  
t e s t  w e r e  r u n  f o r  a  s u f f i c i e n t l y  lo n g  t i m e ,  th e  p i t c h  c o n t r o l  of 
the w ind t u r b i n e  would o p e ra te  to  b r ing  the  r e a c t i o n  machine speed 
baok t o  z e r o  an d  t h e  t u r b i n e  to  a new s te a d y  s t a t e  s u i t e d  t o  t h e  
changed w in d  s p e e d .  W ith  o p e r a t o r  a c t i o n  on th e  d i e s e l  e n g in e  to  
b r ing  th e  s im u la te d  system  frequency back to  50Hz, the  behaviour 
would e v e n t u a l l y  r e t u r n  to  the  i n i t i a l  regime of  l a r g e  am plitude  
l i m i t  c y c le  o s c i l l a t i o n s .
T h is  t e s t  was r e p e a te d  w i th  a 5mph (2.2ms 1) wind speed s te p  
(F igure  7 .1 7 ) .  The a b i l i t y  o f  th e  r e a c t i o n  m ach ine  t o  a b s o rb  th e  
e x t ra  w in d  e n e r g y  i s  now r a p i d l y  ex ce ed ed  and th e  change i n  
tu rb in e  o u tp u t  and th e  r e s u l t i n g  frequency swing a re  much la rg e r .  
The d i e s e l  e n g i n e  h a s  t o  make a much l a r g e r  change i n  o u tp u t  t o  
con tro l  the  system.
7 .13-2  R esponse to  a  V ind G ust
The e f f e c t  o f  a  g u s t  on t h e  w i n d - d i e s e l  sy s tem  w as a l s o  
in v e s t ig a t e d .  The f o l l o w i n g  e q u a t i o n 186 ,187 ,188  was u sed  to
g en e ra te  th e  w ind speed
V -  y + ( 1 -  c o £ ^ ?  ) 0<t<T 7.26
w wm 2 1
where th e  g u s t  i s  i n i t i a t e d  by a sw itch . A and T a re  the  am plitude  
and d u r a t i o n  r e s p e c t i v e l y .  B e fo re  and a f t e r  th e  g u s t ,  th e  w ind
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speed i s  c o n s ta n t  a t  th e  mean l e v e l  V
* wm*
F ig u re  7 .18 sh o w s th e  r e s p o n s e  o f  th e  50* d i e s e l /  50? w ind  
system to  a  g u s t  from 30mph ( 1 3 . W 1) to  35mph (15.6ms- 1 ) o f  10s 
period. As w i th  th e  wind speed s tep , po in t-o f-w ave  sw itc h in g  was 
used t o  o b t a i n  th e  c l e a r e s t  response. I t  can be seen t h a t  the  wind 
tu rb in e  i s  a b l e  t o  a b s o r b  some o f th e  g u s t  u n t i l  th e  r e a c t i o n  
machine a p p ro ac h es  i t s  speed l i m i t  and f u r th e r  excess energy must 
be t r a n s f e r r e d  t o  the  system.
With a 10mph (4 .4m s ' )  g u s t  o f  7 .5 s  p e r io d  (F ig u r e  7 .1 9 ) ,  
which c o n t a i n s  m ore  e n e rg y ,  th e  d i s t u r b a n c e  i s  g r e a t e r  w i t h  a 
l a r g e r  f re q u e n c y  sw ing  r e q u i r in g  more r e g u la t io n  from the  d ie s e l  
engine.
The a m p l i t u d e s  and  p e r i o d s  o f  th e  g u s t s  used  i n  t h e s e  t e s t s
were chosen  t o  e x e r c i s e  the wind tu r b in e - d ie s e l  engine system and
to i l l u s t r a t e  v a r io u s  f e a t u r e s  o f  t h e i r  behaviour. They were not
186 187in ten d ed  to  r e p r e s e n t  any p a r t i c u l a r  reco rded  data. Hwang, ' 
in  f a c t ,  used  s h o r t e r  g u s t s  o f  l a r g e r  am plitude.
7-13-3 R esponse t o  a  System Load In c re a se
The t h i r d  t y p e  o f  d i s t u r b a n c e  c o n s i d e r e d  w a s  a 
g e n e r a t io n / lo a d  im b a la n c e  i n  th e  w i n d - d i e s e l  sy s tem . The w ind  
tu rb in e  c o n t r o l  s y s te m  d e s ig n  r e p o r t e d  i n  R e fe re n c e  189 i s  
in ten d ed  f o r  o p e r a t i o n  on a l a r g e  power system . I f  th e  a e r o -  
g e n e ra to r  w as t o  be used i n  an i s o l a t e d  system, some changes would 
be n e c e s s a r y .  I n  p a r t i c u l a r ,  th e  r e a c t i o n  m achine  c a n n o t  i t s e l f  
d i s t i n g u i s h  b e tw e e n  a r i s e  i n  r o t o r  speed  cau sed  by a w ind  s p eed  
in c re a s e  an d  a f a l l  i n  g e n e r a t o r  sp eed  cau sed  by a g e n e r a t i o n  
d e f i c i t .  In  th e  fo rm er  case, the  co n tro l  system should a t te m p t  to  
keep th e  g e n e r a t o r  t o r q u e  c o n s t a n t  w h e re a s  i n  th e  l a t t e r ,  i t
should be in c re a s e d .
I f  th e  wind tu r b in e  c o n t r o l l e r  i s  provided w ith  a measurement
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of system  f req u en cy ,  perhaps u s ing  the  method o u t l in e d  i n  S ec t io n  
2 .3 , a s ch em e  c o u ld  be d e v i s e d  to  r e c o g n i s e  a sy s tem  f r e q u e n c y  
d is tu rb a n c e  and  ch an g e  th e  to r q u e  c o n t r o l  g a in ,  Kq i n  a m anner to  
respond t o  t h e  l o a d  change  by d ra w in g  s t o r e d  en e rg y  o u t  o f  th e  
ro to r .  I m p l e m e n t a t i o n  w ould  be s t r a i g h t f o r w a r d  b ecau se  th e  
c o n t r o l l e r  i s  m i c r o p r o c e s s o r - b a s e d .  Such a scheme w as n o t used  
here, b u t  w a s  h e l d  a t  i t s  h ig h  v a lu e  to  o b t a i n  t h e  maximum 
response  from  th e  wind tu rb in e  throughout the system d is tu rb a n c e  
t e s t s  d e s c r ib e d  i n  t h i s  sec tio n .
F ig u re s  7 . 2 0 ,  7 .21  and  7 .22  show t h e  r e s p o n s e  t o  a 5$ 
in c re a s e  i n  dem and f o r  s y s t e m s  w i t h  50$ d i e s e l / 5 0 $  w in d ,  80$ 
d ie se l /2 0 $  wind and 90$ d i e s e l /  10$ wind re s p e c t iv e ly .  The demand 
s tep  w as a p p l i e d  through a f i r s t - o r d e r  l a g  as  d escr ibed  i n  S ec t io n  
2 .5  w i t h  a  t i m e  c o n s t a n t  o f  1 .0 s f o r  th e  f i r s t  two and 2 . 0 s f o r  
the t h i r d  ru n .
W ith 20$ wind tu r b in e  p e n e t ra t io n ,  l i m i t  cycle  o s c i l l a t i o n  of 
the d i e s e l  e n g i n e  b e g i n s  to  p re d o m in a te .  T e s t s  w i th  s m a l l e r  
p ro p o r t io n s  o f  w ind tu rb in e  p la n t  were a t tem p ted  but a s  th e  d ie se l  
engine app roached  i s o l a t e d  o p e ra t in g  con d it io n s ,  d i f f i c u l t i e s  were 
encoun te red  due to  th e  t e s t  s ig n a l  i n j e c t i o n  method being used (as  
d e sc r ib e d  i n  S e c t i o n  7 .8 ).
Two m easurem ents  o f  the  speeder motor c h a r a c t e r i s t i c  a t  t h i s  
point p r o d u c e d  a v e r a g e  v a l u e s  o f  5*9 and 7 . 3 s f o r  th e  r a i s e  t im e  
fo r  f u l l  lo a d  change and 5.6 and 6.9 s fo r  the  corresponding  low er 
time. T h i s  i s  much l o w e r  th a n  th e  v a lu e  used by th e  s i m u l a t o r  t o  
c a l c u l a t e  t h e  i n j e c t e d  s i g n a l  and, to  some e x t e n t ,  a c c o u n t s  f o r
the i n s t a b i l i t y  o f  i s o l a t e d  load  s im ula tion .
I t  i s  n o t  c l e a r  why the  speeder motor c h a r a c t e r i s t i c s  should 
change from  one measurement to  the next. However, a s l i p  coup ling  
i s  p rov ided  betw een th e  speeder motor s h a f t  and th e  »sy n ch ro n ise r1
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(summing j u n c t i o n )  a d j u s t i n g  g e a r  on th e  g o v ern o r .  T h is  f r i c t i o n  
coup ling  a l l o w s  th e  s y n c h r o n i s e r  to  be a d j u s t e d  on th e  g o v e rn o r  
i t s e l f  and  p r e v e n t s  damage to  t h e  m o to r  when th e  speed  s e t t i n g  
s tops  a r e  r e a c h e d .  ^  I t  may be t h a t  th e  d e g re e  of s l i p  i n  t h i s  
co n n ec tio n  i s  r a t h e r  v a r i a b l e  w h ic h  w o u ld  e x p l a i n  t h e  
in c o n s i s t e n c y  i n  th e  s p e e d e r  m o to r  r a t e  m easu rem en t.  I t  i s  a l s o  
p o s s ib le  t h a t  m in o r  a d j u s t m e n t s  to  th e  en g in e  b e tw ee n  one 
measurement an d  th e  n e x t  may have i n a d v e r t a n t l y  a l t e r e d  th e  
c h a r a c t e r i s t i c s  o f  t h e  s e t .
7 .14 PARAMETERS FOR THE DIESEL ENGINE AND GOVERNOR MODEL
The d i e s e l - t h e r m a l  sy s tem  t e s t  shown i n  F ig u r e  7.12 w as 
reproduced  i n  d e t a i l  u s in g  o f f - l i n e  s im u la t io n  and th e  pa ram ete rs  
of th e  t e m p o r a r y  d ro o p  g o v e rn o r  and d i e s e l  e n g in e  model w ere  
a l t e r e d  t o  o b t a i n  a c l o s e  f i t  to  th e  e x p e r i m e n t a l  d a t a .  The 
re sp o n ses  o f  No.3 an d  N0.9  e n g in e s  to  th e  r e c o n n e c t i o n  o f  th e  
H a r r is  l i n e  ( F i g u r e  7 .11) w ere  a l s o  used. I t  w as a l s o  r e q u i r e d  
th a t  th e  c h o s e n  p a r a m e t e r s  sh o u ld  p r e d i c t  th e  i n s t a b i l i t y  o f  
i s o l a t e d  l o a d  s i m u l a t i o n  u s in g  th e  s p e e d e r  m o to r  i n j e c t i o n  
tech n iq u e  f o r  i n e r t i a  tim e c o n s ta n ts  l e s s  than about 10s.
A lthough a  r a n g e  o f  p a r a m e te r s  p ro v id e d  a r e a s o n a b l e  f i t  t o  
the d a ta ,  i t  w as found th a t  the b e s t  r e p r e s e n t a t io n  of the o v e ra l l  
behaviour w a s  o b t a i n e d  w i t h  T = 0 .025s, b^=0.8 and T^sO.58. The 
engine w as r e p r e s e n te d  by a f i r s t - o r d e r  l a g  w ith  a tim e c o n s ta n t  
of 0 . 1 s ,  a  d e l a y  o f  0 . 5 s  and  a b a c k la s h  of 2%,
7.15 CONCLUSION
D e s p i te  t h e  p r o b le m s  w i t h  s p e e d e r  m oto r  c a l i b r a t i o n  and 
asymmetry, th e  w ork on th e  Stornoway d ie s e l  engine has proved th a t  
the power system  s im u la to r  can be used on a s y s tem where th e  t e s t  
machine i s  a s i g n i f i c a n t  p r o p o r t i o n  o f  th e  g e n e r a t i n g  p l a n t .  A 
means o f  i n j e c t i n g  a t e s t  s ig n a l  has been e s t a b l i s h e d  and a lthough
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i s o l a t e d  lo a d  t e s t s  w ere not very su ccess fu l ,  u sefu l r e s u l t s  were 
o b ta in ed  w i th  a mixed d i e s e l —therm al system con figu ra tion .  The use 
of th e  te c h n iq u e  to  i n v e s t i g a t e  the  behaviour of an i s o l a t e d  w ind- 
d ie s e l  pow er s y s te m  h a s  a l s o  been d e m o n s t ra te d .  I f  a r o t a t i o n a l  
p o s i t i o n  t r a n s d u c e r  w as f i t t e d  to  th e  r e f e r e n c e  d i a l  on th e  
mechanical g o v e r n o r  and  u sed  to  p ro v id e  a f e e d b a c k  s i g n a l  t o  th e  
s im u la to r ,  i t  m i g h t  be p o s s i b l e  to  e l i m i n a t e  th e  u n c e r t a i n t y  
a s s o c ia t e d  w i t h  t h e  o p e n  l o o p  n a t u r e  o f  t h e  s p e e d e r  m o t o r  
i n j e c t i o n  te c h n iq u e .
Although no s im u la to r  t e s t s  were completed su c c e s s fu l ly  u s ing  
d i r e c t  i n j e c t i o n  on th e  e l e c t r o n i c  g o v e rn o r  on No.3 e n g in e ,  t h i s  
approach m e r i t s  f u r t h e r  i n v e s t i g a t i o n .  I f  t e s t s  w ere  p e r fo rm e d  
during  h e a v i e r  l o a d  c o n d i t i o n s  w h ere  No.3 s e t  w as o n ly ,  s ay ,  25$ 
of t h e  g e n e r a t i n g  p l a n t  on th e  W e s te rn  I s l e s  sy s te m ,  th e n  th e  
o the r  p l a n t  m ig h t w e l l  be ab le  to  r e g u la te  the system adequate ly . 
The t e s t s  r e p o r t e d  i n  t h i s  c h a p t e r  w ere  c a r r i e d  o u t  on two 
d i f f e r e n t  o c c a s i o n s  and  i t  w as found  on th e  second  v i s i t  t h a t ,  
fo l lo w in g  o v e r h a u l ,  t h e  e l e c t r o n i c  g o v e rn o r  was v e ry  much l e s s  
re sp o n s iv e  t h a n  p r e v i o u s l y .  T h is  im p ro v e s  th e  p o t e n t i a l  f o r  
s u c c e s s fu l  t e s t s  because the  mechanioal governors w i l l  be a b le  to  
keep up w i th  th e  e l e c t r o n i c  governor during  t e s t a
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Figure 7»^ Torque transmission system for the 3Mf wind turbine
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L a b e ls  f o r  F igu res  7 .7  to  7 .22
GFREQ -  r e a l  g r id  frequency
P0D3 -  No. 3 engine power output
P0D9 -  No.9 eng ine  power ou tpu t
FES -  s im u la te d  system frequency
POD -  d i e s e l  engine  power ou tpu t
POC -  c o a l - f i r e d  p la n t  power output
FESCR -  s im u la te d  system frequency co r re c te d  f o r  g r id  frequency
d e v i a t i o n s  
SPDINP -  sp e e d e r  motor p u lse s  
FTRACK -  i n j e c t e d  frequency  s ig n a l  
POW -  wind tu r b in e  power ou tpu t
TOW -  wind tu r b in e  r o t o r  torque
WB -  wind tu r b i n e  r o t o r  speed
WM -  wind tu r b in e  r e a c t io n  machine speed
KC -  wind tu r b in e  to rque  co n tro l  gain
B -  wind tu r b in e  t i p - b la d e  p i tc h  angle
VW -  wind speed
PD -  consumer demand
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Figure 7.14 Wind-diesel system
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Figure 7.15 Wind-diesel system
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Figure 7.16 Wind-diesel system
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F ig u re  7.20 W in d -d ie se l system
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F ig u r e  7.21 W in d -d ie se l system
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Figure 7.22 Wind-diesel system
(10$ wind, 90$ d ie s e l , 5$ increase in  consumer demand)
GHAPTEH 8
A DEVICE TO ENHANCE THE PERFORMANCE OF EXISTING HYDRO-TORBINE
GOVERNORS
The a d v a n t a g e s  of* e l e c t r o n i c  g o v e r n o r s  f*or l a r g e  h y d ro ­
e l e c t r i c  i n s t a l l a t i o n s  h a v e  been  w id e ly  e s t a b l i s h e d 2^ a n d  
such e q u i p m e n t  h a s  been  u sed  i n  r e c e n t l y  c o n s t r u c t e d  p l a n t .  
Governor c h a r a c t e r i s t i c s  o f  g r e a t e r  com plexity , such as  th e  PID o r 
d o u b le -d e r iv a t iv e  a l g o r i t h m s ,  c a n  be u s e d  w i t h  e l e c t r o n i c  
im p lem en ta t ion  t o  p r o v i d e  a f a s t e r  r e s p o n s e  t o  s y s t e m  
d is tu rb a n c e s .  M i c r o p r o c e s s o r  g o v e r n o r s ,  i n  p a r t i c u l a r ,  a l lo w  
s t r a i g h t f o r w a r d  i m p l e m e n t a t i o n  o f  a d a p t i v e  a lg o r i th m s  w here th e  
governor p a r a m e t e r s  a r e  m a tch ed  to  th e  o p e r a t i n g  p o i n t  o f  th e  
tu rb in e  i n  o r d e r  t o  c o m p e n s a t e  f o r  n o n - l i n e a r  p l a n t  
c h a r a c t e r i s t i c s  and p rov ide  good perform ance a t  a l l  lo a d  l e v e l s .
However, t h e  NSHEB o p e r a t e s  a b o u t  60 h y d r o - t u r b i n e s  o f  5 to  
50MW c a p a c i ty  w hich s t i l l  employ the o r ig in a l  h y ra u l i c  gov ern o rs  
f i t t e d  w hen  t h e  sch em e s  w e re  c o n s t r u c t e d  a ro u n d  30 y e a r s  ago. 
Regular m a in ten a n ce  h as  ensured  th a t  the governor components a re ,  
in  g e n e r a l ,  m e c h a n i c a l l y  sound and o p e r a t e  a c c o r d i n g  t o  t h e i r  
design , a l b e i t  w i t h  a c o r r e s p o n d i n g l y  slow  r e s p o n s e  to  s y s te m  
d is tu rb a n c e s .
In  v ie w  o f  t h e  s m a l l  s i z e  o f  t h e s e  h y d r o - t u r b i n e s ,  and  t h e  
c o n s id e ra b le  p l a n t  m o d i f i c a t i o n  t h a t  w ould  be r e q u i r e d ,  i t  i s  
d i f f i c u l t  t o  j u s t i f y  t h e  f i t t i n g  o f  t h e  e l e c t r o - h y d r a u l i c  
a c t u a t o r s  n e c e ssa ry  f o r  the  i n s t a l l a t i o n  of e l e c t r o n i c  govern ing  
w hether o f  ana lo g  or  m ic ro p ro cesso r  form. Ttoe b e n e f i t  of improved 
c o n t ro l  d u r in g  o p e r a t io n  on the n a t io n a l  g r id  cannot be p re s e n te d  
e a s i l y  i n  te rm s  o f  a  c o s t - s a v in &
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C onsequen tly ,  i n t e r e s t  l i e s  i n  any e l e c t r o n i c  c o n t ro l  dev ice  
th a t  c an  be c o n n e c t e d  e a s i l y  t o  a h y d r a u l i c  g o v e rn o r  and  p r o v id e  
an im p r o v e m e n t  i n  r e s p o n s e .  The on ly  e x i s t i n g  e l e c t r i c a l  r o u t e  
in to  a  h y d ra u l i c  governor i s  v ia  the speeder  motor which p o s i t i o n s  
the g o v e r n o r  s p e e d / l o a d  r e f e r e n c e  (a m e c h a n ic a l  c o m p o n en t) .  The 
power system  s im u l a to r  was used to  i n v e s t i g a t e  the perform ance of 
a d e v i c e  u s i n g  t h i s  r o u t e  to  enhance  th e  r e s p o n s e  o f  a g o v e rn o r  
and th e  r e s u l t s  a re  p re se n te d  i n  t h i s  chap ter .
8.1 POSSIBLE ADJUSTMENTS TO HYDRAULIC GOVERNORS
I t  i s  p o s s i b l e  t o  im p ro v e  th e  g r i d - c o n n e c t e d  r e s p o n s e  o f
h y d ra u l ic  g o v e r n o r s  by r e d u c i n g  e i t h e r  or b o th  o f  th e  t e m p o ra ry
and perm anent droop feedback  gains.  The tem porary droop feedback
can be red u ced  to  z e ro ,  by ho ld ing  open th e  dashpot bypass v a lv e ,
g iv in g  a  p u r e l y  p r o p o r t i o n a l  g o v e rn o r .  A lth o u g h  h y d r o - t u r b i n e s
have b e e n  o p e r a t e d  w i t h  no te m p o ra ry  d ro o p  f e e d b a c k  f o r  l o n g
periods ,  such o p e r a t io n  i s  u n s a t i s f a c to r y ,  p a r t i c u l a r l y  f o r  p la n t
17 29i n  t h i n l y  connec ted  a r e a s  o f  the  power system. * The n ecessa ry  
a d ju s tm e n ts  a r e  m e c h a n ic a l  i n  n a t u r e  and can  o n ly  be made on th e  
governor equ ipm ent i t s e l f .  I f  the  tu rb in e  i s  unexpected ly  r e q u i re d  
to o p e r a t e  i n  i s o l a t i o n  f rom  a t  l e a s t  th e  m a jo r  p a r t  o f  th e  
n a t io n a l  g r i d ,  t h e n  i t  w i l l  be u n s t a b l e  and an o p e r a t o r  i n  a 
c o n tro l  room , p o s s i b l y  a t  a r e m o te  s i t e ,  w i l l  be q u i t e  u n a b le  t o  
r e s e t  th e  governor p a ra m e te rs  to  t h e i r  o r ig in a l  values.
8 .2  A HYDRO-TURBINE LOAD CONTROLLER
196D uring  e a r l i e r  work a t  Glasgow U n iv e rs i ty ,  Davie and C lin k  
developed a hydro—tu r b i n e  lo a d  c o n t r o l l e r  which was su b se q u en tly  
t e s t e d  w i t h  s u c c e s s  a t  S lo y ,  F a s n a k y le  and T o r r  A c h i l t y  Power 
S ta t io n s .  By d r iv i n g  the  r a i s e / l o w e r  c o n t ro l s  to  the sp eed e r  motor 
with a p p r o p r i a t e  p u l s e s ,  t h i s  c o m p u te r - b a s e d  d e v ic e  i m p le m e n t s
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power o u tp u t  changes under au to m atic  c o n t ro l  u s in g  feedback  from a 
measurement o f  g e n e r a t o r  power o u tp u t .  L o ad in g  c h a n g e s  can  be 
provided  e i t h e r  a s  q u i c k l y  a s  p o s s i b l e  or a t  a s p e c i f i e d  r a t e .  
This d e v ic e  was in te n d e d  f o r  use i n  the  rem ote o p e ra t io n  of hydro­
e l e c t r i c  power s t a t i o n s  from c e n t r a l i s e d  c o n t ro l  rooms. The lo a d  
c o n t r o l l e r  em ploys a f a i r l y  e l a b o ra te  a lg o ri th m  i n  o rder  to  cope 
with t h e  s a t u r a t i o n  e f f e c t  p r e s e n t  i n  m ost h y d r a u l i c  g o v e rn o r  
des igns  in c o rp o r a te d  to  provide  f a s t  load ing .
Examples o f  th e  l o a d  c o n t r o l l e r ' s  o p e r a t i o n  a r e  shown i n  
F igure  8 .2 ,  w h e re  i t  h a s  been commanded t o  i n c r e a s e  th e  pow er 
ou tpu t f ro m  10 t o  30MW a s  q u i c k l y  a s  p o s s i b l e ,  and F i g u r e  8.3 
where t h e  po w er  i s  t o  be ram ped down f ro m  27 t o  5 MW o v e r  a  100s 
period. The e f f e c t  o f  s a t u r a t i o n  i n  t h e  te m p o ra ry  d ro o p  f e e d b a c k  
term can  be s e e n  i n  F ig u r e  8 .2 w here  th e  power o u t p u t ,  a f t e r  
in c r e a s in g  g ra d u a l ly ,  suddenly b reaks  away and c l im bs  r a p id ly .  I t  
i s  t h i s  f e a t u r e  t h a t  m akes p r e c i s e  and r a p i d  c o n t r o l  o f  th e  
tu rb in e  o u tp u t  d i f f i c u l t  both f o r  an a u to m a tic  lo a d  c o n t r o l l e r  and 
an o p e r a to r  u s in g  th e  r a i s e / l o w e r  c o n t ro l s  d i r e c t ly .
As o r i g i n a l l y  c o n c e iv e d ,  th e  l o a d  c o n t r o l l e r  i s  n o t  a 
f requency  s e n s i t i v e  d e v ic e  b u t  r a t h e r  an  a i d  t o  an  o p e r a t o r  i n  a 
remote c o n t r o l  room w i t h  a l a r g e  number o f  t u r b i n e s  t o  c o n t r o l .  
However, by a d a p t i n g  i t  t o  r e s p o n d  to  g r i d  f r e q u e n c y  c h a n g e s ,  a 
device i s  o b ta in e d  which can be f i t t e d  very  sim ply to  a h y d ra u l ic  
governor a n d  p r o v i d e  i m p r o v e m e n t s  i n  r e s p o n s e  t o  s y s t e m  
d is tu rb a n c e s .  The p r o c e s s i n g  pow er r e q u i r e d  i s  n o t  g r e a t  and  i t  
would be p o s s i b l e  f o r  one co m p u te r  t o  o p e r a t e  s e v e r a l  t u r b i n e s .  
Improvements i n  re sp o n se  could, th e re fo r e ,  be o b ta in ed  f o r  only a 
small o u t l a y  p e r  s e t  and no m o d i f i c a t i o n s  t o  th e  h y d r a u l i c  
components w o u ld  be n e c e s s a r y .  I n  t h e  e v e n t  o f  a m a l f u n c t i o n  o f
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the equ ipm ent or i s o l a t e d  o p e ra t io n  o f  th e  tu rb in e ,  th e  s ta n d a rd  
governor would s t i l l  be a v a i la b le .
8 .3 A GOVERNOR ENHANCEMENT DEVICE USING THE LOAD CONTROLLER
In  u t i l i s i n g  the  lo a d  c o n t r o l l e r  a s  the b a s is  of a devioe to  
enhance t h e  p e r f o r m a n c e  o f  an e x i s t i n g  h y d r a u l i c  g o v e rn o r ,  t h e  
load c o n t r o l l e r  i t s e l f  w as  t a k e n  a s  a f u n c t i o n a l  u n i t  and  n o t  
a l t e r e d  i n  any  way. F req u e n c y  s e n s i t i v i t y  was p r o v id e d  by a 
component d r i v i n g  th e  t a r g e t  pow er l e v e l  i n p u t  t o  t h e  l o a d  
c o n t r o l l e r .
The l o a d  c o n t r o l l e r ’ s  f u n c t i o n  i s  t o  r e g u l a t e  th e  t u r b i n e -  
g en e ra to r  o u t p u t  t o  a  t a r g e t  power s e t t i n g  and  to  p r o v id e  th e  
bas ic  o p e r a t i o n s  shown i n  F ig u re s  8.2 and 8.3, th e  t a r g e t  l e v e l  i s  
held c o n s ta n t  or changed to  a new v a lu e  e i t h e r  in s ta n ta n e o u s ly  or 
a t  a f i n i t e  r a t e .  However, th e  lo a d  c o n t r o l l e r  i s  q u i t e  capab le  of 
a c c e p tin g  a c o n t i n u o u s l y  v a r y i n g  t a r g e t  l e v e l  i n p u t  a l t h o u g h  i t  
w il l  n o t  n e c e s s a r i l y  be a b le  to  make the  g e n e ra to r  ou tpu t t r a c k  a 
r a p id ly  chang ing  s ig n a l .  This  ro b u s t  behaviour a l lo w s  freedom of 
choice i n  t h e  f r e q u e n c y - t o - t a r g e t  a l g o r i t h m s  p reced ing  th e  lo a d  
c o n t r o l l e r .
Two f r e q u e n c y - t o - t a r g e t  c h a r a c t e r i s t i c s  w ere in v e s t ig a t e d .  In  
the f i r s t ,  t h e  t a r g e t  pow er w as  h e l d  c o n s t a n t  u n t i l  t h e  g r i d  
frequency f e l l  be low  a c e r t a i n  v a l u e ,  a t  w h ich  t im e ,  t h e  l o a d  
c o n t r o l l e r  w as  commanded t o  i n c r e a s e  th e  o u tp u t  pow er by a 
p redeterm ined  am oun t.  The second  a l g o r i t h m  p r o v id e d  a fo rm  o f  
continuous c o n t ro l  where the  t a r g e t  l e v e l  was v a r ie d  i n  accordance  
with th e  v a r i a t i o n s  i n  g r id  frequency.
As i n d i c a t e d  above, the  lo a d  c o n t r o l l e r  was taken  a s  a g iv en  
fu n c t io n a l  u n i t  and no a t te m p t  was made to  tune i t s  p a ra m e te rs  to  
the f r e q u e n c y  a l g o r i t h m  i n  use . The l o a d  c o n t r o l l e r  i s  n o r m a l ly
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tuned o ver  s t e p  and ramp t a r g e t s  and th e r e  i s  no p a r t i c u l a r  re a s o n  
to r e - t u n e  i t  f o r  o th e r  in p u t  ty p e a
The e f f e c t s  o f  th e se  governor enhancement d ev ices  on a mixed 
hydro -therm al pow er s y s te m  w e re  i n v e s t i g a t e d  u s in g  o f f - l i n e  
s im u la t io n  and th e  e s t a b l i s h e d  a lg o r i th m s  w ere t e s t e d  on Sloy No.2 
machine u s i n g  t h e  r e a l - t i m e  p o w e r  s y s t e m  s i m u l a t o r .  The 
arrangem ent o f  t h e  v a r i o u s  i t e m s  o f  e q u ip m e n t  i s  o u t l i n e d  i n  
F igure 8 .1 .
In  a l l  o f  t h e  t e s t s ,  t h e  h y d r o - e l e c t r i c  p l a n t  c o n t r o l l e d  by 
the d e v ic e  was 10? of the s im u la te d  system; the  rem a inder  be ing  a 
mix o f  th e rm a l  and base lo a d  p la n t .  S a t i s f a c to r y  o p e ra t io n  o f  the  
dev ices  would be d i f f i c u l t  to  ach ieve  on p la n t  c o n s t i t u t i n g  more 
than 10$ o f  th e  system  gen era tio n .
For some o f  t h e  t e s t s ,  t h e  two th e r m a l  u n i t s  i n  t h e  s y s te m  
were s e t  a t  d i f f e r e n t  l o a d  l e v e l s .  O p e r a t i n g  th e  two e q u a l  
components a t  90$ and 70$ m .c .r.  r a t h e r  th a n  b o th  a t  80$ m .c .r.  
has l i t t l e  e f f e c t  on the behaviour of the system.
8.4 A LOW FREQUENCY RELAY DEVICE
The f i r s t  ty p e  o f  f r e q u e n c y  d r i v e n  l o a d  c o n t r o l l e r  i s  
in ten d ed  t o  m im ic the  o p e ra t io n  of Dinorwig pum ped-storage u n i t s
o
in  t h e i r  low frequency  r e la y  a c t iv a t e d  load ing .  While th e  NSHEB 
tu rb in e s  c a n n o t  be d e w a te r e d  and spun  i n  a i r  to  p r o v id e  an  
economic s p i n n i n g  r e s e r v e  s t a t e ,  th e y  can  be m a i n t a i n e d  a t  a  low  
power l e v e l  and th en  moved to  a h ighe r  power when a s p e c i f i e d  low 
frequency i s  d e t e c t e d .  T h is  ty p e  o f  o p e r a t i o n  i s  s i m i l a r  to  one 
mode of th e  D inorw ig  machines. NSHEB tu r b in e s  c o n t ro l l e d  i n  t h i s  
way w o u ld  p r o v i d e  s p i n n i n g  r e s e r v e  a t  g r e a t e r  r u n n in g  c o s t  t h a n  
Dinorwig, b u t  t h e i r  c o n t r i b u t i o n  w ould  be o f  s i g n i f i c a n c e  when 
c irc u m stan c es  reduce  th e  o v e ra l l  system re g u la t io n ,  Such a mode of
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o p e ra t io n  c o u ld  be v e r y  d e s i r a b l e  i n  th e  e v e n t  o f  t r a n s m i s s i o n  
c i r c u i t  f a i l u r e s  c a u s in g  s e p a ra t io n  o f  the  SSEB and NSHEB system s 
from th e  CEGB.
F ig u re  8.4 i l l u s t r a t e s  th e  b e h a v io u r  of a s y s tem  w i t h  90$ 
thermal and 10% hydro g e n e ra t io n  where the  hydro component (Sloy 
No.2 machine) i s  p rovided  w i th  a low frequency re la y  d r iv e n  lo a d  
c o n t r o l l e r  s e t  a t  49.75Hz w ith  a subsequent lo a d  in c re m en t o f  50$ 
m. c. r. c o r re sp o n d in g  to  a 1$ droop.
I n c r e a s i n g  t h e  b a s e  l o a d  c a p a c i t y  t o  40$ ( F i g u r e  8 .5 )  
in c r e a s e s  th e  o v e r a l l  d roop  of th e  s y s tem  and th e  f r e q u e n c y  
d e v ia t io n  i s  l a r g e r ,  p a r t i c u l a r y  i n  th e  i n i t i a l  t r a n s i e n t  w h e re  
the h y d r o - t u r b i n e  i s  n o t  y e t  c o n t r i b u t i n g  t o  th e  r e s p o n s e .  The 
hydro power o u tp u t  t r a j e c t o r y  i s  unchanged from F igu re  8.4 because 
t h i s  lo a d  c o n t r o l l e r  dev ice  i s  not s e n s i t i v e  to  system frequency  
a f t e r  i t  h a s  been t r i g g e r e d  and befo re  i t  has been r e s e t .
I f  a f req u en cy  d r iv e n  lo a d  c o n t r o l l e r  were to  be perm anen tly  
i n s t a l l e d  on a h y d r o - t u r b i n e ,  th e  m ach ine  f r e q u e n c y  d r i v e  w o u ld  
not be re m o v e d  f ro m  th e  g o v e rn o r .  The t u r b i n e  w ou ld , t h e r e f o r e ,  
respond to  f requency  t r a n s i e n t s  w i th  c o n t r ib u t io n s  from both the  
load  c o n t r o l l e r  and  th e  g o v e rn o r  i t s e l f .  I t  i s  n o t  p o s s i b l e  t o  
induce th e  governor’s own c o n t r ib u t io n  when t e s t i n g  a f req u en cy -  
d r iv en  l o a d  c o n t r o l l e r  on a r e a l  h y d r o —t u r b i n e .  The l o a d  
c o n t r o l l e r  r e q u i r e s  e x c l u s i v e  use of th e  s p e e d e r  m o to r  and th e  
s im u la to r  i s  u n a b le  t o  i n j e c t  a s i m u l a t e d  f r e q u e n c y  s i g n a l .  
However, t h e  g o v e r n o r ’ s own c o n t r i b u t i o n  i s  q u i t e  s m a l l  and i t s  
absence d o e s  n o t  g r e a t l y  a f f e c t  th e  b e h a v io u r  o f  th e  c o m p le te  
system. Any a c t i o n  t a k e n  by th e  g o v e rn o r  i t s e l f  i s  e v e n t u a l l y  
undone by t h e  l o a d  c o n t r o l l e r  r e g u l a t i n g  th e  t u r b i n e  o u t p u t  t o  a 
t a r g e t  power.
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O f f - l i n e  s i m u l a t i o n  shows t h a t  th e  g o v e r n o r ’ s e f f e c t  i s ,  i n  
f a c t ,  b e n e f i c i a l  i n  t h a t  i t  c a u s e s  th e  hydro  c o n t r i b u t i o n  to  
appear s l i g h t l y  e a r l i e r .  The performance of the enhanced governor 
fo r  a  r e a l  system  d is tu rb a n c e  would, th e re fo re ,  be s l i g h t l y  b e t t e r  
than th e  t e s t s  w i th  the  s im u la to r  suggest.
The lo a d  c o n t r o l l e r ' s  use of the speeder motor a lso  p reven ted  
the c o r r e c t i o n  o f  g r id  frequency  f l u c t u a t i o n s  d u ring  a t e s t  but a 
measurement o f  g r i d  f r e q u e n c y  w as  lo g g e d  a lo n g  w i t h  th e  o t h e r  
s ig n a l s  o f  i n t e r e s t .  T h is  w as t h e n  check ed  f o r  d e v i a t i o n s  l a r g e  
enough t o  have i n t e r f e r e d  w ith  the t e s t  which could then be r e - r u n  
i f  n ece ssa ry .  A v i s u a l  check could a l s o  be m a in ta in ed  on a d i g i t a l  
g r id  f re q u e n c y  m eter.
8.5 A CONTINUOUS FREQUENCY DEVICE
An a l t e r n a t i v e  f r e q u e n c y - t o - t a r g e t  scheme which can prov ide  a 
con tinuous  a c t i o n  i s  o b t a i n e d  i f  th e  t a r g e t  l e v e l  i n p u t  t o  t h e  
load  c o n t r o l l e r  i s  made p r o p o r t i o n a l  to  t h e  d e v i a t i o n  o f  th e  
system f r e q u e n c y  f ro m  50Hz. I n  t h i s  way, th e  e f f e c t i v e  d ro o p  o f  
the h y d r o - tu r b in e  can be in c re a s e d  and th e  lo a d  c o n t r o l l e r  can be 
used t o  o v e rco m e  th e  te m p o ra ry  d ro o p  f e e d b a c k  w h ic h  n o r m a l ly  
dom inates t h e  p l a n t ' s  r e s p o n s e .  In  c o n t r a s t  t o  t h e  l o w - f r e q u e n c y  
r e la y  d e v i c e ,  a  p r o p o r t i o n a l  schem e c a u s e s  t h e  h yd ro  p l a n t  t o  
a s s i s t  more e f f e c t i v e l y  w ith  the  r e g u la t io n  of the  system when th e  
frequency  r e m a i n s  c l o s e  t o  50Hz. A deadband  c o u ld ,  h o w e v e r ,  be 
in c o rp o ra te d  so  t h a t  t h e  d e v i c e  w as i n a c t i v e  when th e  f r e q u e n c y  
d e v ia t io n  w a s  l e s s  th a n  a c e r t a i n  v a lu e .  The d roop  c o u ld  a l s o  be 
made d e p e n d e n t  on t h e  s i z e  o f  th e  f r e q u e n c y  e r r o r  i n  o r d e r  to  
produce a  c o n t r i b u t i o n  g r e a t e r  th a n  p r o - r a t a  f o r  a l a r g e r  
d e v ia t io n .
The beh av io u r  o f  t h i s  type of enhancement dev ice  d i f f e r s  from
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th a t  o f  t h e  lo w  f r e q u e n c y  r e l a y  i n  t h a t  t h e  c o n t r o l  i s  
con t in u o u s ly  a c t i v e  and the dev ice  w i l l  respond to  the e f f e c t s  of 
i t s  own a c t i o n s .  I n  v iew  o f  t h i s  c l o s e d —lo o p  s i t u a t i o n ,  f u l l y  
s ta b le  o p e r a t i o n  o f  th e  h y d r o - t u r b i n e  i s  n o t  g u a r a n te e d .  The 
su c c e ss io n  o f  F i g u r e s  8 .6 ,  8.7 and 8.8 show r e s u l t s  o b t a i n e d  w i t h  
a dev ice  d r iv i n g  a lo a d  c o n t r o l l e r  on Sloy No.2 machine i n  d i r e c t  
p ro p o r t io n  t o  th e  s im u la te d  frequency s ig n a l  provided by th e  power 
System s im u la to r .  The c o n f ig u ra t io n  i s  once ag a in  a 90$/10$ mix of 
g e n e ra t io n  t y p e s  w i t h  a th e rm a l  d roop  o f  4$. The f r e q u e n c y - t o -  
t a rg e t  d ro o p  i s  2$ i n  F ig u r e  8 .6 ,  1.5$ i n  8.7 and 1$ i n  8.8. As 
expected, t h e  r e d u c t i o n s  i n  d ro o p  i n c r e a s e  th e  h y d r o - t u r b i n e  
response  w i th  a co rre sp o n d in g ly  improved p o s t - t r a n s i e n t  frequency  
value. U n f o r t u n a t e l y ,  l i m i t  c y c l e  o s c i l l a t i o n s  a l s o  become 
p re v a le n t  i n d i c a t i n g  an  im p ru d e n t  c h o ic e  o f  g a i n  and  c a u s in g  
u n acc ep tab le  co n t in u o u s  o p e ra t io n  of th e  speeder motor.
With a  f r e q u e n c y - t o - t a r g e t  d roop  o f  2$, th e  e f f e c t  o f  an  
in c re a s e  i n  th e  p ro p o r t io n  of base lo a d  (n o n - re g u la t in g )  c a p a c i ty  
w ith a  c o r r e s p o n d i n g  r e d u c t i o n  i n  r e g u l a t i n g  th e r m a l  p l a n t  w as  
in v e s t ig a t e d .  F i g u r e s  8.9» 8 .1 0  an d  8 .11 a r e  f o r  b a s e  l o a d  
c a p a c i t i e s  o f  0 , 20 and  40$ r e s p e c t i v e l y .  I n  th e  a r g u a b l y  more 
r e a l i s t i c  s i t u a t i o n  o f  a s i g n i f i c a n t  p ro p o r t io n  of no n^ r e g u la t in g  
p la n t  c a u s i n g  a l a r g e r  i n i t i a l  f r e q u e n c y  sw in g  f o l l o w i n g  th e  
d is tu rb a n c e ,  t h e  o v e r s h o o t  i n  t h e  h y d r o - t u r b i n e  power o u tp u t  
becomes q u i t e  marked. In  f a c t ,  d u r ing  the t e s t  w i th  40$ base lo ad ,  
the t u r b i n e  r e l i e f  v a lv e  o pera ted  when th e  w a te r  c o n t ro l  v a lv e  was 
c losed  r a p i d l y  by t h e  g o v e r n o r ,  f o l l o w i n g  t h e  o v e r s h o o t ,  
i n d i c a t i n g  t h e  s t r e n u o u s  n a t u r e  o f  th e  r e s p o n s e .  As w i t h  th e  
reduced droop t e s t s ,  th e  r e d u c t io n  i n  system r e g u la t io n  i n  th e se  
t e s t s  l e a d s  t o  t h e  a p p e a r a n c e  o f  l i m i t  c y c l e  o s c i l l a t i o n s  i n
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F ig u re s  8.10 and 8.11. These r e s u l t s  in d i c a t e  t h a t  o p e ra t io n  w ith  
a droop o f  2$ may not be s a t i s f a c to r y .
F ig u r e s  8 .1 2  and 8.13 a r e  f o r  3$ d ro o p  w i t h  20 and 40$ b a s e  
load c a p a c i t y  r e s p e c t i v e l y .  The h y d r o - t u r b i n e 1 s b e h a v io u r  i s  no 
longe r  so l i v e l y  and t h e  o n s e t  o f  l i m i t  c y c l e  o s c i l l a t i o n  h a s  
receded  to  a  h ig h e r  base lo a d  capac ity .
The a d d i t i o n  o f  a d e r i v a t i v e  te rm  to  t h e  p r o p o r t i o n a l  
f r e q u e n c y - t o - t a r g e t  a l g o r i t h m  w a s  i n v e s t i g a t e d  by o f f - l i n e  
s im u la t io n  bu t th e  e f f e c t  was not found to  be b e n e f i c ia l .
The l i m i t  c y c l e  o s c i l l a t i o n  o f  th e  c o n t in u o u s  f r e q u e n c y  
device f o r  low  d ro o p  v a l u e s  w as n o t  p r e d i c t e d  by o f f - l i n e  
s im u la tio n .  T h i s  i l l u s t r a t e s  th e  a b i l i t y  o f  th e  power s y s te m  
s im u la to r  t o  show up p ro b le m s  w i t h  a c o n t r o l  schem e w hioh  o n ly  
become e v id e n t  on the  r e a l  p lan t .
8.6 COMPARISON WITH THE BASIC GOVERNOR TYPES
I n  o r d e r - t o  com pare  th e  p e r fo rm a n c e  o f  th e  two e n h a n c e m e n t  
d ev ice s  w i t h  t h a t  o f  t h e  b a s i c  g o v e rn o r  t y p e s ,  r e s p o n s e s  w e re  
o b ta in ed  f o r  a  system  w i th  40$ base load  g e n e ra t io n  and a  10$ s te p  
in c re a s e  i n  l o a d  a p p l i e d  th ro u g h  a f i r s t - o r d e r  l a g  w i t h  a t im e  
c o n s ta n t  o f  2 .5 s .  F ig u r e  8.14 i s  f o r  th e  low  f r e q u e n c y  r e l a y  and  
F igure  8 .1 5  f o r  t h e  c o n t in u o u s  d e v ic e  w i t h  a 3$ d ro o p .  For 
convenience, the  co rresp o n d in g  re sp o n ses  f o r  the tem porary  droop 
(F igu re  6 .2 0 )  an d  d o u b le  d e r i v a t i v e  ( F ig u r e  6 .21) g o v e r n o r s  h a v e  
been r e p l o t t e d  h e r e  w i t h  a change o f  s c a l e  a s  F i g u r e s  8.16 and
8.17 r e s p e c t i v e l y .
Very good  p e r f o r m a n c e  i s  o b t a i n e d  w i t h  th e  low  f r e q u e n c y  
r e la y  d e v i c e .  A lth o u g h  th e  m a g n i tu d e  o f  t h e  i n i t i a l  f r e q u e n c y  
swing i s  n o t  much r e d u c e d ,  th e  f r e q u e n c y  i s  much c l o s e r  t o  50Hz 
a f t e r  t h e  t r a n s i e n t .  T h i s  i s  due t o  t h e  1$ d ro o p  s e t t i n g  o f  th e
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re lay  d e v i c e .
A d eg ree  of overshoo t i s  e v id en t  on the  power ou tpu t response  
with th e  c o n t i n u o u s  f r e q u e n c y  d e v ic e  b u t  th e  f r e q u e n c y  t r a c e  i s  
s t i l l  much im p ro v e d  o v e r  t h a t  o b t a in e d  w i t h  th e  te m p o ra ry  d ro o p  
governor a lone . Although the o v e ra l l  droop of the tu rb in e  i s  s t i l l  
3^ » t h e  d e v i c e  i s  a b l e  to  overcom e th e  e f f e c t  of th e  te m p o ra ry  
droop f e e d b a c k  and  p r o v id e  a f a s t  r e s p o n s e .  The o v e r s h o o t  i s  n o t  
in  i t s e l f  im p o r ta n t  and steam tu rb in e s  a re  r e g u la r ly  expected  to  
fo llow  t h i s  sh a p e  of  power o u t p u t  t r a j e c t o r y .  I f  th e  h y d ro ­
e l e c t r i c  p la n t  c o n t r o l l e d  by t h i s  type of device was l e s s  th an  10% 
of th e  s y s t e m ,  i t  w ou ld  be p o s s i b l e  to  use  a lo w e r  d ro o p  v a lu u e .  
The c o n t i n u o u s  f r e q u e n c y  d e v ic e  a c h i e v e s  a r e s p o n s e  t h a t  i s  
comparable t o  t h a t  o f  th e  d o u b le  d e r i v a t i v e  g o v e rn o r  a l t h o u g h  i t  
does no t m a in ta in  i s o l a t e d  lo a d  s t a b i l i t y .
8.7 CONCLUSION
The i n v e s t i g a t i o n  r e p o r t e d  i n  t h i s  c h a p t e r  h a s  e s t a b l i s h e d  
the p o t e n t i a l  o f  e l e c t r o n i c  d e v i c e s  t o  im prove  th e  r e s p o n s e  o f  
h y d ra u l ic  tem porary  droop governors  f o r  system opera tion . The low 
frequency r e l a y  d e v i c e  w ou ld  a p p e a r  to  be th e  m ost p r a c t i c a b l e .  
This scheme could  be used to  o b ta in  a much g r e a t e r  c o n t r ib u t io n  
to s y s te m  r e s p o n s e  f ro m  e x i s t i n g  h y d r o - t u r b i n e  p l a n t .  The 
i n v e s t i g a t i o n  h a s  a l s o  i l l u s t r a t e d  th e  use o f  t h e  pow er sy s te m  






►» P  *HO <0 U




























L a b e ls  f o r  F ig u re s  8 .2  to  8 .17
SPDINP -  sp e e d e r  motor p u lse s
POH -  h y d ro - tu rb in e  power outpu t
FES -  s im u la te d  system frequency
P0C1 -  c o a l - f i r e d  p la n t  1 power outpu t
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F ig u re  8 .4  Mixed system t e s t  w ith  low frequency re la y  device 
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Figure 8 .5  Mixed system te s t  with low frequency relay device
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F ig u re  8 .6  Mixed system t e s t  w ith  continuous frequency device








7 8 .7 5
146 .25
P0C2
7 8 .7 5
RAISE
SPDINP m  j i L
LOWER
1 8 0 .0Time ( s0 . 0
Figure 8 .7  Mixed system te s t with continuous frequency device
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Figure 8 .9  Mixed system test with continuous frequency device
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Figure 8.11 Mixed system te s t  with continuous frequency device
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Figure 8.13 Mixed system te s t  with continuous frequency device
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Figure 8.15 Mixed system te s t  with continuous frequency device
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CHAPTER 9
CONCLUSIONS AND RE COMMENDATIONS FOR FURTHER WORK
A power system  s im u la to r  has been developed to  in v e s t ig a te  
the r e s p o n s e  o f  g e n e r a t i n g  p la n t  to  lo a d in g  d i s tu r b a n c e s  on an  
in te rc o n n e c te d  pow er sy s te m . O n - s i te  t e s t s  a t  Loch S lo y  Pow er 
S ta t io n  have e s ta b l i s h e d  the  p o te n t ia l  of th e  equipm ent f o r  r e a l  
p la n t t e s t s .  M ethods o f  i n j e c t i n g  th e  t e s t  s ig n a l  have been  
developed w hich  a llo w  the s im u la to r  to  be used w ith  th e  m a jo r ity  
of h y d r o - t u r b i n e s  and  o th e r  g e n e r a t in g  p la n t .  More e x t e n s i v e  
i n v e s t ig a t io n s  a re  p o s s ib le  w ith  e le c t ro n ic  governors, but u s e fu l 
r e s u l t s  can a l s o  be o b ta in ed  f o r  m e c h a n ic a l-h y d ra u lic  equipm ent.
T e s ts  w ith  a  c o a l - f i r e d  p la n t  model have i l l u s t r a t e d  a number 
of th e  f e a t u r e s  o f th e  behav iour of a n u c le a r-h y d ro -th e rm a l power 
system. M ore i m p o r t a n t l y ,  th ey  have d e m o n s t r a te d  th e  a b i l i t y  o f  
the  power system  s im u la to r  to  in v e s t ig a te  the  response  o f a mixed 
system  an d  t o  e s t a b l i s h  th e  m e r i t s  o f  p a r t i c u l a r  g o v e rn o r  
c o n f ig u ra t io n s  o n  a r e a l  h y d r o -  t u r  b i  n e . T he u s e  o f  a 
m u lt ip ro c e s s o r  s i m u l a t i o n  v e h i c l e  to  r e l i e v e  c o n s t r a i n t s  on th e  
problem  s iz e  h as  a ls o  been dem onstra ted  i n  th e  environm ent o f on­
l i n e  t e s t s  a t  a  power s ta t io n .
A p p lic a t io n  o f th e  techn ique  to  a Stornoway d ie s e l  engine has 
proved t h a t  th e  pow er sy s te m  s im u l a to r  can  be u sed  on a  sy s te m  
where th e  t e s t  m a ch in e  i s  a s i g n i f i c a n t  p r o p o r t i o n  o f  th e  
g e n e ra t in g  p l a n t .  U s e fu l  r e s u l t s  w ere  o b ta in e d  w i th  a  m ixed  
d ie s e l—th e rm al system  c o n f ig u ra tio n  and th e  techn ique  was used to  
in v e s t ig a t e  the  behav iour of an i s o la te d  w in d -d ie se l power system .
A f u r t h e r  i n v e s t i g a t i o n  on  h y d r o - t u r b i n e  p l a n t  h a s  
e s ta b l i s h e d  th e  p o t e n t i a l  o f  e l e c t r o n i c  d e v ic e s  to  im p ro v e  th e
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response  o f  h y d r a u l i c  te m p o ra ry  d ro o p  g o v e rn o rs  f o r  sy stem  
o p e ra tio n . T h is  in v e s t ig a t io n  has  i l l u s t r a t e d  the use of the power 
system  s im u la to r  i n  th e  developm ent of a novel c o n t ro l le r  design . 
9 . 1  FURTHER WORE
The p o te n t i a l  o f th e  s im u la to r  has been d isp la y ed  on sm all to  
medium s i z e d  p l a n t .  I t  i s  n o t  a n t i c i p a t e d  t h a t  any  m a jo r  
m o d if ic a t io n s  w o u ld  be r e q u i r e d  i f  th e  te c h n iq u e  w e re  to  be 
a p p lie d  t o  l a r g e  t u r b i n e s  such  a s  th o s e  a t  F o y e rs  (2 x 1 5 0 MW) o r 
Dinorwig (6x300MW), b u t t h i s  s u p p o s i t io n  c o u ld  u s e f u l l y  be 
s u b s ta n t ia te d .  T e s ts  w ere proposed f o r  Foyers, bu t th ese  cou ld  no t 
be c a r r i e d  o u t due to  p la n t  a v a i l a b i l i t y  c o n s tr a in ts .  Such t e s t s  
would d e m o n s tra te  th e  a p p l ic a t io n  of the power system  s im u la to r  to  
la rg e  p l a n t  and  m ig h t i n d i c a t e  p o s s i b le  im p ro v e m e n ts  to  th e  
governor s e t t i n g s .
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APPENDIX 1
A NON-LINEAR HYDRO-TURBINE AND PIP&INE MODEL
Q -  v o lu m e tr ic  flew
Ht -  p re s s u re  head a t  the tu rb in e
Ty  -  f u l l  lo a d  w a te r  i n t e r t i a  tim e co n s ta n t
C -  v a lv e  p o s i t io n
P -  power o u tp u t
R e fe re n c e :
W ylie , E. B . , S t r e e t e r ,  V.L.
F lu id  T ra n s ie n ts  
M cG raw -H ill, London, 1978
Slqy v a lu e s :
Sloy tem porary  droop govern o r:
T = 0 .3 s ,  bt =0.25, Td= l6 s , bp=0.03 
Tem porary droop feed b ack  l im i te d  to  ±0.O15pu 
S loy  d o u b le  d e r iv a t iv e  g o verno r:
A1.1
HT = Q2 /  C2 




R ate o f change of -C l im i te d  to  -0 .2 5 p u s“  ^ to  0.05pus"^
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APPENDIX 2
EQUATIONS AND DATA FOB THE OIL-FIBED PLANT MODEL
JiD n0.625
d t " " a 1 twSP " V  + a2u i -  aouo A2.1
.dX-
d t  " pr e f  p A2.2
dt^ “ ^pr e f  p ) + ^1K2*1 " U1^  7 T2 A2.3
d t  = (u 3 “ Ws ) 7 T1 A2.4
.dXp _ d
d t  " r e f  "  a A2.5
d t3 = (K3 (d r e f  " d) + K3K4X2 “ u3 > 7 T3 A2.6
a 1=0 .0 0 5 4 5 , a^ O .00506, a ^ .0 0 1 6 2 ,  Pr e f =1, dr e f *1
a^O .370 , T1 = 1 0 .0 s , T2 = 10 .0s, T3= 24.0s
K1=5 .0 ,  K2= 0 .002 , K3= 0 .1 , K|j=0.001
wg = (1 7 .3 9  (P -  Py) ) 0 *5 A2.7
PHP = VG %  A2 *®
wHp = 1.113 (PHp2 -  PR2)0*5 A2.9
= 3.521 Pp A2.10
d t 8 •  (G1 ( f r e f  -  V  -  V  '  \  A2>11
d t v = (ws  -  Wgp) /  Tg A2.12
.  (wHp -  wLp) /  T„ A2.13
POHP = 1 *087 WHP (1 ’  (p R7pHP)0 ’23) A2,14
PQLP = 2 #,*73 wLp (1 -  (P^/Pp) A2.15
Poo s POHP + POLP A2*16
G1=2 5 .0 , Tq=0.1
Tg= 1 .1 1 s , Tr= 7 .4 1 s , pA=0.0077
p -  b o i l e r  p re s s u re
d -  b o i l e r  drum le v e l
u,j -  f u e l  f e e d  flew
u3 -  fe e d  w a te r  flow
-  in te rm e d ia te  s t a t e  v a r ia b le
x2 -  in te rm e d ia te  s t a t e  v a r ia b le s
w„ -  s u p e rh e a te r  steam flowO
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Pv -  p re s s u re  a t  tu rb in e  s to p  v a lv e  
PHp -  h igh  p re s s u re  s ta g e  i n l e t  p re ssu re  
Pp -  r e h e a te r  p re s s u re
-  co ndenser vacuum p re s su re
WHP “ **** tu rb in e  steam flow
w^p -  IP /L P  tu rb in e  steam  flow
Pqhp “ HP tu rb in e  power
pQLp -  IP /L P  tu rb in e  power
PQ0 -  t o t a l  tu rb in e  power
v_ -  g o v ern o r v a lv e  p o s i t io n  G
f g -  s im u la te d  system  frequency
A ll v a r i a b l e s  e x c e p t  s team  p r e s s u r e s  a r e  n o rm a l is e d  w i th  
r e s p e c t  t o  f u l l  lo a d  v a lu e s . P re s su re s  a re  no rm alised  w ith  re s p e c t  
to  norm al b o i l e r  p re ssu re .
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APPENDIX 3
EQUATIONS AND DATA FOB THE COAL-FIBED PLANT MODEL
Pe = Pa -  Ps  r b 
e
M = y + k2 pe
M i s  l i m i t e d  t o  0.2 t o  1.2pu
E s  M e“ sTd m
Em i s  l i m i t e d  to  0.001 to  1.05pu
■ (Em -  Fi>  /  To
^  = (F4 -  Q l) /  Tn
i s  l i m i t e d  t o  0.001 to  1.05pu 
Qi  = M Fd
H b .  ( Q i - W , )  / T b
Ps =1, k ^ O .0 1 5 , kg=5.0
Td=60s, T0=45s, Tm=2s, Tb=240a
= ( ( f r e f  -  f )  /  bp -  ax ) /  Tg
a  i s  l i m i t e d  t o  0.001 to  1.0pu x
d t2 s ^a x a2^ /  Tgv
b = 0 .0 4 , T = 0 .1s, r  (o p e n in g )= 0 .1 s , T (c lo s in g )  =0.7 s  p g gv ov




*(E z\ ° ‘231
0.231
H2 = - V ' T.
W2 = p2
= (1 -  t y  w2



















8=0 .35 , K^sO.2, Tr =10.0s
-  b o i l e r  drum p re s s u re  
pg -  b o i l e r  p re s su re  e r r o r  
y -  in te rm e d ia te  v a r ia b le  
M -  m a s te r  f i r i n g  s ig n a l
-  fu e l  feed  r a t e  to  m il l
-  f u e l  p ic k  up
-  fu e l  d e n s ity
Qi  -  h e a t  in p u t  to  b o i l e r
W1 -  HP tu rb in e  steam  flow
Wg -  LP tu rb in e  steam  flow
ax "  g o v ern o r o u tp u t
-  g o v ern o r v a lv e  p o s i t io n  
p.j -  HP tu rb in e  i n l e t  p re s su re
Pg -  IP /L P  tu r b in e  i n l e t  ( r e h e a te r )  p re ssu re
*m1 ~ tu rb in e  power 
P^g -  IP /L P  tu rb in e  power 
PQC -  t o t a l  tu rb in e  power
A ll v a r i a b l e s  a r e  n o rm a l is e d  w i th  r e s p e c t  to  f u l l  lo a d  
v a lu e s .
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APPENDIX 4
EQUATIONS AND DATA FOB THE WIND TURBINE MODEL
d t b -  (Tok -  V  '  J b M .1
u m = ^ b -  157 - 08 ( f s -  D  A4.2
d F 11 * (Wm -  u . i>  t  To A4.3
J* J
Tog ■ r  Si+ <KC - r> ^. -  - .  Jm1 A4.4c c
T
P = f  (0 . + — ) A1*«5
°" S Wt To fl
Te = ®wt To f l  + Tog
J i  = J m "  Kj  ^
Wkc = ‘■’m + (To f l - V/ K d
Kod = KoO fo r  « 5 < wk(j
Kod = KcO + (tJ5 ' ‘ **kc ^
r
ograd f o r  <j 1 < u ke
Kod S Kd fo r  o;kc < *1
Kod = KcO + (<Jko -  V ^cgrad f o r  <u2 > rtfcB
Ked = Ed fo r  wko > w2A4.8S.U c .
K + K K + K _
r  _ d  cO _ d  oO
cg rad  o?5 _ w1 " -  ^6
f t .  = (Kod -  Ke ) /  Tk0 w .1 0
Kc1=2400anarad- 1 , Ko0=150Ninsrad_ 1 , J b=3144kgm2 , <1^=338 kgm 
Kj=313kgm2 , H=0. 802s, Tk0=1s, To=0.1s, To f l =19098.6Nm
u ^ = -0 .0 5 , « 2= 0 .05 , <J5= -0 .0 4 , WgsO.04
“ bb -  (1 *  1-8378 M - 11
V VW A4.12
*  = “ bb
Cp = 0 .5  (Q -  0.022B2 -  5 .6 )  e ~0 ,1 7 ^  A4.13
= 0.0001372 V2 Cp tf W - 1i|




d ” p e r r  ^ *1*1 
«  ■ (Bd -  B) /  Tp
A4.18
A4.19
Kp= 2 .0 , Ki= 0.2, Tp=59ms
R ate l i m i t s  o f  +.10 d e g re e s /s e c  a re  im posed on B 
B i s  l i m i t e d  to  0 to  90 d e g re e a
-  tu r b in e  s h a f t  speed
-  r e a c t io n  m achine speed 
Tqw -  tu rb in e  to rq u e
TQg -  g e n e ra to r  to rq u e
-  p e r u n i t  g e n e ra to r  power 
f  -  s im u la te d  system  frequency  
wm<j -  in te rm e d ia te  v a r ia b le
KC(j -  d e s ir e d  v a lu e  of to rq u e  c o n tro l g a in
Kq -  to rq u e  c o n tro l g a in
w . . -  a b s o lu te  tu rb in e  s h a f t  speed DD
-  p e r u n i t  tu rb in e  to rq u e  
0w t -  per u n i t  o p e ra t in g  p o in t 
Vw -  wind speed
ft -  t i p  speed  r a t i o
C -  power c o e f f i c i e n t  
P
Te -  a b s o lu te  g e n e ra to r  to rq u e
? r e f  ~ P°w er o u tp u t s e t - p o in t  
b -  p i tc h  c o n t r o l l e r  droop
f r e ^ -  p i tc h  c o n t r o l l e r  frequency  re fe re n c e
P
x„ -  in te r m e d ia te  v a r ia b le  
B^ -  d e s i r e d  p i tc h  an g le  
B -  t i p - b la d e  p i tc h  an g le
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A POWER SYSTEM SIMULATOR FOR 
ON-LINE TESTS OF GENERATING PLANT
David K.S. F ra s e r
PROGRAM LISTINGS
FROM T H E  U N IV E R SIT Y , G L A S G O W .
NOT TO BE ACCESSED WITHOUT PERMISSION 
OF DR D K S FRASER OR DR H DAVIE 
FOR A PERIOD OF 3 YEARS
D. F ra s e r , 1987 O ctober 1987
M aster p ro cesso r code fo r  h y d ro -therm al system t e s t s  
( e le c t r o n ic  in j e c t io n )
elinix41.for - page 1 15:40 09-Dec-1987
C MIXED SYSTEM SIMULATOR USING COAL FIRED PLANT MODEL
C REQUIRES BBC TERMINAL
C USES EULER
C INCORPORATES AVERAGING OF TURBINE POWER MEASUREMENT
C VERSION FOR ELECTRONIC GOVERNOR
C MULTIPROCESSOR VERSION WITH GRID FREQUENCY ADJUSTMENT
C CODE FOR PROCESSOR 1
EXTERNAL NUMIN, NUMOUT, BYT IN, BYTOUT, SCAN IN, ANINIT, ANIN, ANOUT 
EXTERNAL CYCLE, SAMPLE, GETSEM, GIVSEM 
REAL*4 DELAY,LIMIT 
REAL*4 H
REAL*4 READMW,TIMSCL, PWSCL, FESSCL, POSCL, P0H5V, FGSCL 
REAL*4 PD, PL, PON, POC, POH, FG, GFRLML, GFRLMH 
REAL*4 P0C2, TD2, TR2, BPC2




REAL*4 POHMCR, POC1MCR, P0C2MCR, PONMCR, TOTMCR, W1ML, PM 1 ML 
REAL*4 AX,Y2,FI, FD,AXV,P2,PB 
REAL*4 DAX,DY2,DFI,DFD,DAXV,DP2,DPB 
REAL*4 PERR, MX, EM, QI, TGV, P1 ,W1, W2, PM1, PM2 
INTEGERS INTCT1, INTCT2,PORTA,PORTB,PORTC,PRTCTL 
INTEGER*1 TIMER0,TIMER1,TIMCTL,T1L0B,T1H0B 
INTEGERS CTLIN,CTLOUT




L0GICAL*1 SYNC, P2RDY, P2INIT, P2EX, LSTART
LOGICAL*1 L F LAG3, L F LAG4, L F LAG5, LFLAG6
COMMON/SAMPL1/NSAMPL, NCOUNT, KSIM
C0MM0N/SAMPL2/IPOHSM
C0MM0N/SAMPL3/FSAMPL, ICNSMP, TOLAST, LGFROK,CNSAMP 
COMMON/SYSTEM/H
COMMON/PRL L1/ISPCTL,IPDSW,LGFRLM,LFLAG3,LF LAG4, L F LAG5, L F LAG6
COMMON/PRL L2/SYNC, P2RDY, P21NIT, P2EX
COMMON/PRLL3/POC2, TD2, TR2, BPC2, FREQ
C0MM0N/PRLL4/LSTART
PARAMETER( INTCT1=#OCOH, INTCT2=iW)C2H)
PARAMETER ( PORTA=#OC8H, PORTB=#OCAH, PORTC=#OCCH, PRTCTL=#OCEH ) 
PARAMETER(TIMERO=#ODOH, TIMER1=#0D2H, TIMCTL=#0D6H)
C DISABLE PROCESSOR INTERRUPTS
CALL DSABLE



















C SET UP DAC AND INITIALISE CHANNELS TO 0 VOLTS
CALL ANINIT(7)
DO 5 1=0,7 
CALL ANOUT(I,2048)
5 CONTINUE





C SET UP FREQUENCY FILTER
DO 10 1=1,FSAMPL 
CNSAMP(I)=1.0
10 CONTINUE
C SET UP FREQUENCY SCALING CONSTANTS
TIMSCL=FLOAT( FSAMPL)*1228800.0/50.0 
FGSCL=4096.0 /(1 .005 -0 .995 )








C SET UP VECTOR AND UN-MASK FOR MAINS CROSS-OVER INTERRUPTS
CALL SETINT(#20H,CYCLE)
CALL 0UTPUT(INTCT2,#0FEH)
C RE-ENABLE PROCESSOR INTERRUPTS
CALL ENABLE




C OUTPUT PULSE TO SET UP INPUT PORT
CALL OUTPUT(PRTCTL,#03H)
CALL OUTPUT(PRTCTL,#02H)
C ESTABLISH COMMUNICATION WITH BBC
40 CALL BYTIN(CTLIN)
IF(CTLIN.NE.#10H) GOTO 40 
CTLOUT=#11H
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CALL BYTOUT(CTLOUT)
70 CONTINUE








C SEND SWITCH STATUS
IPDCTL=IPDSW 
CALL BYTOUT( IPDCTL)
C LOAD PROPORTION OF NUCLEAR PLANT
CALL NUMIN(QN)
C LOAD PROPORTIONS OF COAL PLANT
CALL NUMIN(QCI)
CALL NUMIN(QC2)
C LOAD PROPORTION OF HYDRO PLANT
CALL NUMIN(QH)
C LOAD COAL FIRED PLANT OPERATING POINTS
CALL NUMIN(POC)
CALL NUMIN(POC2)
C LOAD FUEL FEED DELAYS
CALL NUMIN(TD)
CALL NUMINCTD2)
C LOAD REHEATER TIME CONSTANTS
CALL NUMIN(TR)
CALL NUMIN(TR2)
C LOAD COAL FIRED PLANT DROOPS
CALL NUMIN(BPC)
CALL NUMIN(BPC2)
C LOAD ALTERNATOR TIME CONSTANT
CALL NUMIN(TA)
C LOAD DEMAND STEP SIZE
CALL NUMIN(PDSTEP)







C LOAD DEMAND TRANSIENT PARAMETERS
IF(LAGDEM) CALL NUMIN(TDEM)
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W1ML=1.0 / ( 1 .0-R*R)
PM1ML=1.0 / ( 1 .0-R**0.231)
C SYSTEM CONSTANTS
PON=1.0











C ANALOG OUTPUT SCALING CONSTANTS
FESSCL=4096. 0 / ( 1 .05-0 .95)
POSCL=(4096.0-2048.0 )/< 1 .0 -0 .0 )
C CALCULATION AND AVERAGING OF GRID FREQUENCY VALUE
75 CONTINUE
IF(.NOT.LGFROK) GOTO 75 
CNTSUM=0 






C OUTPUT INITIAL FREQUENCY DEVIATION
IFES=2048
CALL ANOUT( 0 ,1 FES)
C OUTPUT INITIAL CORRECTED FREQUENCY DEVIATION
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IFESCR=2048
CALL AN0UT(4,IFESCR)
C OUTPUT INITIAL GRID FREQUENCY




C LOAD MU METER READING
CALL NUMIN(READMU)
C CALCULATE HYDRO OPERATING POINT
POH=READMW/POHMCR
C MEASURE AVERAGE VALUE OF TURBINE OUTPUT POWER
IPOHSM=0
DO 20 1=1,NSAMPL 
CALL ANIN( 1 , IPOH)
IPOHSM=IPOHSM+INT4( IPOH)
20 CONTINUE




C CALCULATION AND FILTERING OF GRID FREQUENCY VALUE
CNTSUM=0






C MEASURE AVERAGE VALUE OF TURBINE OUTPUT POWER
IPOHSM=0






C CALCULATE INITIAL DEMAND VALUE
PD=QN*PON+QC1*POC+QC2*POC2+QH*POH




C OUTPUT INITIAL COAL TYPE 1 POWER OUTPUT
IPOC=2048. 0+NI NT < POSCL*POC)
IF(IPOC.GT.4095) IPOC=4095 
IF(IPOC.LT.2048) IPOC=2048 
CALL ANOUT( 1 , IPOC)
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95 IFCP2INIT) GOTO 95
C RESET START FLAG
LSTART=.FALSE.
C SET UP TIMER 1
CALL OUTPUT( TIMCTL, #74H)
CALL OUTPUT(TIMER1,T1L0B)
CALL OUTPUT(TIMER1,T1H0B)
C SET UP VECTOR AND UN-MASK FOR TIME INTERRUPTS
CALL SETINT(#24H,SAMPLE)
CALL OUTPUT( INTCT2,#0EEH)
C WAIT FOR INTERRUPTS
30 CONTINUE
IF(KSIM.NE.I) GOTO 30




C CALCULATION AND FILTERING OF GRID FREQUENCY VALUE
CNTSUM=0
DO 100 1=1,FSAMPL 
CALL DSABLE



















FD=LIMIT(FD,0 .001 ,1 .05)
QI=MX*FD
C GOVERNOR
DAX=(( FREF- FREQ)/BPC-AX)/TG 
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C OUTPUT INITIAL HYDRO PLANT POWER OUTPUT








CALL ANOUT( 5 , IPD)
C OUTPUT INITIAL GRID FREQUENCY
IGFREQ=2048+NINT(FGSCL*(GFREQI -1 .0 ))
IF ( IGFREQ. GT.4095) IGFREQ=4095 
IF(IGFREQ.LT.0) IGFREQ=0 
CALL AN0UT(6,IGFREQ)
C OUTPUT INITIAL COAL TYPE 2 POWER OUTPUT















C LOOK FOR COMMAND TO START SIMULATION
CALL BYTINCCTLIN)
IFCCTLIN.NE.#53H) GOTO 60
C SET START FLAG FOR DELAY FUNCTIONS ETC
LSTART=.TRUE.













EM=DE LAY C MX, TD, MX)
C WAIT FOR PROCESSOR 2 TO FINISH INITIALISATION























C WAIT FOR PROCESSOR 2 TO FINISH
120 IF(P2EX) GOTO 120
C SYSTEM
PL=PD*FREQ
DFREQ=((QN*PON+QC1*POC+QC2*POC2-PL) / FREQ+QH*POH/G FREQ)/TA 
FREQ=FREQ+H*DFREQ
C COLLECT DEMAND CONTROL
IPDCTL=IPDSW































C OUTPUT COAL TYPE 1 POWER OUTPUT
IPOC=2048. 0+NINT(POSCL*POC)
IF( IPOC. GT.4095) IPOC=4095 
IF(IPOC.LT.2048) IPOC=2048 
CALL AN0UTC1, IPOC)




CALL ANOUT( 2 , IPOH)
C OUTPUT CORRECTED FREQUENCY DEVIATION IF GRID FREQUENCY OK
IF(.NOT.(LGFRLM.AND.LGFRCR)) THEN 
IFESCR=2048+NINT( FESSCL* FESCOR)









C OUTPUT GRID FREQUENCY
IGFREQ=2048+NINT(FGSCL*(GFREQ-1 .0 ))
IF(IGFREQ. GT.4095) IGFREQ=4095 
IF(IGFREQ.LT.O) IGFREQ=0 
CALL AN0UT(6,IGFREQ)




CALL ANOUT( 7 , IPOC)




C LOOK FOR COMMAND TO FINISH SIMULATION
CALL SCANIN(CTLIN)
IF(CTLIN.NE.#46H) GOTO 30
C IF FINISHED DISABLE PROCESSOR INTERRUPTS AND RESTART
CALL DSABLE










COMMON/SAMPL1/NSAMPL, NCOUNT, KS IM
C0WI0N/SAMPL2/1 POHSM
PARAMETER(INTCT1=#OCOH, PRTCTL=#OCEH)
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CALL TIHCNT(TOLAST,ICOUNT)
IF(I COUNT.GT.24699) IC0UNT=24699 
IF( ICOUNT. LT.24454) 1C0UNT=24454
C SEND COUNT VALUE TO FILTER
CNSAMPCICNSMP)=ICOUNT 











REAL*4 FUNCTION DELAY(VAL,TD,STRVAL) 
INTEGER*2 I
INTEGERS NSTRCL,STPTR1,STPTR2 































M aster p ro cesso r code f o r  hydro -therm al system  t e s t s  
(sp eed er motor in je c t io n )
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C MIXED SYSTEM SIMULATOR USING COAL FIRED PLANT MODEL
C REQUIRES BBC TERMINAL
C USES EULER
C INCORPORATES AVERAGING OF TURBINE POWER MEASUREMENT
C VERSION FOR SPEEDER MOTOR INJECTION
C MULTIPROCESSOR VERSION WITH GRID FREQUENCY ADJUSTMENT
C CODE FOR PROCESSOR 1
EXTERNAL NUMIN, NUMOUT, BYTIN, BYTOUT, SCANIN, ANINIT, AN IN, ANOUT 
EXTERNAL CYCLE, SAMPLE, GETSEM, GIVSEM 
REAL*4 DELAY,LIMIT 
REAL*4 H
REAL*4 READMW,TIMSCL,PWSCL, FESSCL, POSCL, POH5V,FGSCL 










REAL*4 SPRS,HFSPRS,FDSCLM,FREFI, FRFLML, FRFLMH,FRFSNL
REAL*4 FDISC,FREFH,FTRACK
INTEGER*1 INTCT1,INTCT2,PORTA,PORTB,PORTC,PRTCTL 
INTEGER*! TIMER0,TIMER1, TIMCTL, T1 LOB, T1 HOB 
INTEGERS CTLIN,CTLOUT
INTEGER*1 FSAMPL,ICNSMP,NSAMPL,NCOUNT,KSIM,ISPCTL,IPDCTL,IPDSW 








COMMON/SAMPL3/FSAMPL, ICNSMP, TOLAST, LGFROK, CNSAMP 
COMMON/SYSTEM/H
COMMON/PRLL1/ISPCTL,IPDSW,LDODGY,LGFRLM,LSPRLM,LLTSNL




PARAMETER (PORTA=#0C8H, PORTB=#OCAH, PORTC=#0CCH, PRTCTL=#OCEH ) 
PARAMETER (T IMER0=#0D0H, TIMER1 =#0D2H, TI MCTL=#0D6H )
C DISABLE PROCESSOR INTERRUPTS
CALL DSABLE
C CLEAR RAISE/LOWER CONTROL
ISPCTL=#03H




C RESET SPARE ERROR INDICATIONS
C LFLAG3=.FALSE.













C SET UP DAC AND INITIALISE CHANNELS TO 0 VOLTS
CALL ANINIT(7)
DO 5 1=0,7 
CALL ANOUT(I,2048)
5 CONTINUE





C SET UP FREQUENCY FILTER
DO 10 1=1,FSAMPL 
CNSAMP(I)=1.0
10 CONTINUE
C SET UP FREQUENCY SCALING CONSTANTS
TIMSCL=FLOAT( FSAMPL)*1228800.0/50.0 
FGSCL=4096. 0 / ( 1.005•0.995)








C SET UP VECTOR AND UN-MASK FOR MAINS CROSS-OVER INTERRUPTS
CALL SETINT(#20H,CYCLE)
CALL OUTPUT( INTCT2,#0FEH)
C RE-ENABLE PROCESSOR INTERRUPTS
CALL ENABLE




C OUTPUT PULSE TO SET UP INPUT PORT
CALL OUTPUT(PRTCTL,#03H)
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CALL OUTPUT(PRTCTL,#02H)





























LOAD PROPORTION OF NUCLEAR PLANT 
CALL NUMIN(QN)
LOAD PROPORTIONS OF COAL PLANT 
CALL NUMIN(QCI)
CALL NUMIN(QC2)
LOAD PROPORTION OF HYDRO PLANT 
CALL NUMIN(QH)
LOAD COAL FIRED PLANT OPERATING POINTS 
CALL NUMIN(POC)
CALL NUMIN(POC2)
LOAD FUEL FEED DELAYS 
CALL NUMIN(TD)
CALL NUMIN(TD2)
LOAD REHEATER TIME CONSTANTS 
CALL NUMIN(TR)
CALL NUMINCTR2)
LOAD COAL FIRED PLANT DROOPS 
CALL NUMIN(BPC)
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CALL NUMIN(BPC2)
C LOAD ALTERNATOR TIME CONSTANT
CALL NUMIN(TA)
C LOAD DEMAND STEP SIZE
CALL NUMIN(PDSTEP)







C LOAD DEMAND TRANSIENT PARAMETERS
IF(LAGDEM) CALL NUMIN(TDEM)







C SPEEDER MOTOR CONSTANTS
SPRS=0.1*0.03/8.0 
H FSPRS=SPRS/2.0












W1ML=1.0 /( 1 .0-R*R)
PM1ML=1.0 /( 1 .0-R**0.231)
C SYSTEM CONSTANTS
PON=1.0
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LFALL=.FALSE.
C ANALOG OUTPUT SCALING CONSTANTS
FESSCL=4096.0 /(1 .0 5 -0 .9 5 )
POSCL=(4096.0-2048.0 ) / ( 1 .0 -0 .0 )
C CALCULATION AND AVERAGING OF GRID FREQUENCY VALUE
75 CONTINUE
IF(.NOT.LGFROK) GOTO 75 
CNTSUM=0 






C OUTPUT INITIAL FREQUENCY DEVIATION
IFES=2048
CALL ANOUT(0,1 FES)
C OUTPUT INITIAL CORRECTED FREQUENCY DEVIATION
IFESCR=2048 
CALL AN0UT(4,IFESCR)
C OUTPUT INITIAL GRID FREQUENCY




C LOAD HW METER READING
CALL NUMIN(READMW)
C CALCULATE HYDRO OPERATING POINT
POH=READMW/POHMCR
C MEASURE AVERAGE VALUE OF TURBINE OUTPUT POWER
IPOHSM=0




C ANALOG INPUT SCALING CONSTANTS
PWSCL=( POH - 0 .0  ) /  ( F LOAT ( IPOHSM ) - 2048. 0* F LOAT ( NSAMPL ) ) 
POH5V=2048. 0*PWSCL*FLOAT< NSAMPL)
60 CONTINUE
C CALCULATION AND FILTERING OF GRID FREQUENCY VALUE
CNTSUM=0






C MEASURE AVERAGE VALUE OF TURBINE OUTPUT POWER
spmix41.for - page 6 15:49 09-Dec-1987
IPOHSM=0




POH=PWSCL*FLOAT( IPOHSM) - POH5V 
IPOHSM=0
C CALCULATE INITIAL DEMAND VALUE
PD=QN*P0N+QC1*P0C+QC2*P0C2+QH*P0H




C OUTPUT INITIAL COAL TYPE 1 POWER OUTPUT




C OUTPUT INITIAL HYDRO PLANT POWER OUTPUT






























C LOOK FOR COMMAND TO START SIMULATION
CALL BYTIN(CTLIN)
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IF(CTLIN.NE.#53H) GOTO 60
C CALCULATE INITIAL HYDRO FREQUENCY REFERENCE
FRE FI=G FREQI+ 0 .03*POH
C SET START FLAG FOR DELAY FUNCTIONS ETC
LSTART=.TRUE.













EM=D E LAY(MX, TD, MX)
C WAIT FOR PROCESSOR 2 TO FINISH INITIALISATION
95 IF(P2INIT) GOTO 95
C RESET START FLAG
LSTART=.FALSE.




C SET UP VECTOR AND UN-MASK FOR TIME INTERRUPTS
CALL SETI NT(#24H, SAMPLE)
CALL OUTPUT( INTCT2,#0EEH)
C WAIT FOR INTERRUPTS
30 CONTINUE
IF(KSIM.NE.I) GOTO 30




C CALCULATION AND FILTERING OF GRID FREQUENCY VALUE
CNTSUM=0






C CALCULATE TURBINE OUTPUT POWER
CALL DSABLE









C FUEL FEED SYSTEM
EM=DE LAY(MX, TD, MX)
EM=LIMIT(EM,0 .001 ,1 .05)
DFI=(EM-FI)/TC 
DFD=(FI-QI)/TM 






























C WAIT FOR PROCESSOR 2 TO FINISH





C COLLECT DEMAND CONTROL
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IPDCTL=IPDSW























































IF ( FDI SC. LT. - HFSPRS. AND. FDI SC. GT. - FDSCLM) THEN








































C OUTPUT FREQUENCY DISCREPANCY WITH SPEEDER MOTOR INPUT
IFDISC=2048+NI NT( FESSCL*FDI SC)
IF( IFDI SC. GT.4095) IFDISC=4095 
IF(IFDISC.LT.O) IFDISC=0 
CALL AN0UT(3,IFDISC)
C OUTPUT COMBINED SPEEDER MOTOR INPUT SIGNAL
C CALL ANOUT( 4 , ISPDIP)




CALL ANOUT( 4 , IFTRACK)
C OUTPUT CORRECTED FREQUENCY DEVIATION IF GRID FREQUENCY OK
C IF(.NOT.(LGFRLM.AND.LGFRCR)) THEN
C IFESCR=2048+NINT(FESSCL*FESCOR)
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C IF( IFESCR. GT.4095) IFESCR=4095
C IF( IFESCR.LT.O) IFESCR=0
C CALL ANOUT( 4 , IFESCR)
C END IF




CALL ANOUT( 5 , IPD)
C OUTPUT GRID FREQUENCY
IGFREQ=2048+NI NT( FGSCL*(GFREQ-1 .0 ))  
IF(IGFREQ.GT.4095) IGFREQ=4095 
IF(IGFREQ.LT.O) IGFREQ=0 
CALL ANOUT( 6 , IGFREQ)




CALL ANOUT( 7 , IPOC)




C LOOK FOR COMMAND TO FINISH SIMULATION
CALL SCANIN(CTLIN)
IF(CTLIN.NE.#46H) GOTO 30


















C MEASURE TURBINE POWER OUTPUT
CALL ANIN(1, IPOH)






























C SEND COUNT VALUE TO FILTER
CNSAMP(ICNSMP)=ICOUNT 











REAL*4 FUNCTION DELAY(VAL, TD, STRVAL) 
INTEGER*2 I
INTEGER*2 NSTRCL,STPTR1,STPTR2
































Slave p ro cesso r code f o r  hydro -therm al system  t e s t s
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C MIXED SYSTEM SIMULATOR USING COAL FIRED PLANT MODEL
C REQUIRES BBC TERMINAL
C USES EULER
C INCORPORATES AVERAGING OF TURBINE POWER MEASUREMENT
C VERSION FOR ELECTRONIC GOVERNOR
C MULTIPROCESSOR VERSION WITH GRID FREQUENCY ADJUSTMENT
C CODE FOR PROCESSOR 2











INTEGER*1 PORTA, PORTB, PORTC, PRTCTL
INTEGER*2 I
INTEGER*1 ISPCTL,IPDSW,IPDCTL
LOGICAL*1 L F LAG2, L F LAG3, L F LAG4,LFLAG5,LF LAG6
LOGICAL*1 SYNC, P2RDY, P2INIT, P2EX, LSTART
COMMON/PRLL1/ISPCTL,IPDSW,LFLAG2,LFLAG3,LFLAG4,LFLAG5,LFLAG6
COMMON/PRLL2/SYNC,P2RDY, P2INIT, P2EX
COMMON/PRLL3/POC2, TD2, TR2, BPC2, FREQ
COMMON/PRLL4/LSTART
COMMON/SYSTEM/H
PARAMETER(PORTA=#OC8H, PORTB=#OCAH, PORTC=#OCCH, PRTCTL=#OCEH)
C DISABLE PROCESSOR INTERRUPTS
CALL DSABLE
C RESET RAISE/LOWER CONTROL BYTE
ISPCTL=#03H




C SYNCHRONISE WITH PROCESSOR 1
10 IF(SYNC) GOTO 10
20 IF(.NOT.SYNC) GOTO 20
P2RDY=.TRUE.
C WAIT TO DO INITIALISATION
30 CONTINUE
C PERFORM I/O FUNCTIONS WHILE WAITING TO DO INITIALISATION
C OUTPUT RAISE/LOWER CONTROL BYTE
CALL OUTPUT(PORTA,ISPCTL)









































C 0.05 SECOND INTEGRATION INTERVAL
H=0.05












W1ML=1.0 / ( 1 .0-R*R)
PM1ML=1.0 / ( 1 .0-R**0.231)
C INITIAL CONDITIONS
AX=POC










C RESET INITIALISATION FLAG
P2INIT=.FALSE.
C WAIT FOR NEXT STEP
80 CONTINUE
C PERFORM I/O FUNCTIONS WHILE WAITING FOR NEXT STEP
C OUTPUT RAISE/LOWER CONTROL BYTE
CALL OUTPUT(PORTA.ISPCTL)
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c SET PC7
CALL OUTPUT(PRTCTL,#0FH)





C FUEL FEED SYSTEM
EM=DELAY(MX, TD, MX )
EM=LIMIT(EM,0 .001 ,1 .05 )
DFI=(EM-FI)/TC 
DFD=(FI*QI)/TM 
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END
REAL*4 FUNCTION DELAY(VAL, TD, STRVAL) 
INTEGER*2 I
































M aster p ro cesso r code f o r  wind—d ie s e l  system t e s t s
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C MIXED SYSTEM SIMULATOR USING WIND TURBINE MODEL
C REQUIRES BBC TERMINAL
C USES EULER
C INCORPORATES AVERAGING OF DIESEL POWER MEASUREMENT
C VERSION FOR SPEEDER MOTOR INJECTION
C MULTIPROCESSOR VERSION WITH GRID FREQUENCY ADJUSTMENT
C CODE FOR PROCESSOR 1
EXTERNAL NUMIN, NUMOUT, BYT IN, BYTOUT, SCAN IN, AN INIT, AN IN, ANOUT 
EXTERNAL CYCLE, SAMPLE, GETSEM, GIVSEM 
REAL*4 LIMIT 
REAL*4 H





REAL*4 PODMCR, PONMCR, TOTMCR
REAL*4 SPRS,HFSPRS,FDSCLM,FREFI, FRFLML,FRFLMH,FRFSNL 
REAL*4 FDI SC, FREFH, FTRACK, TSM, BPD, GC
REAL*4 POW,QW,TOW,TOG,WB,WM,WM1,TE,KC,KCD,TOWN,TEN,WBN,WMN,WOP
REAL*4 WW1, WW2,X1, WPERR, FREFW,POWMCR, PREF, VWSTEP
REAL*4 TOGD,BD,G,VW,VWL,VWH,CP,B,KP,KI,WW5,WW6,KCDIFF,WKC,WKCRNG
REAL*4 DX1,DB,DWB,DWM1,DKC





INTEGER*2 I,CNSAMP(50),TOLAST,IPD,IPOD,I FES,IFESCR,IGFREQ 
INTEGER*2 IFDI SC,ISPDIP, NPULSE, IFTRACK, ISPCNT,DACDAT(0:7) 













PARAMETER < PORTA=#OC8H, PORT B=#0CAH, PORT C=#0CCH, PRTCT L=#0CE H) 
PARAMETER(TIMERO=#ODOH, T1MER1=#0D2H, TIMCTL=#0D6H)
C DISABLE PROCESSOR INTERRUPTS
CALL DSABLE
C CLEAR RAISE/LOWER CONTROL
ISPCTL=#03H
C INITIALISE EXTRA DAC SEMAPHORES













C SET UP DAC AND INITIALISE CHANNELS TO 0 VOLTS
CALL ANINIT(7)
DO 5 1=0,7 
CALL ANOUT(I,2048)
5 CONTINUE











C SET UP FREQUENCY FILTER
DO 10 1=1,FSAMPL 
CNSAMP(I)=1.0
10 CONTINUE
C SET UP FREQUENCY SCALING CONSTANTS
TIMSCL=FLOAT( FSAMPL)*1228800.0/50.0 
FGSCL=4096.0 /(1 .0 1 -0 .9 9 )








C SET UP VECTOR AND UN-MASK FOR MAINS CROSS-OVER INTERRUPTS
CALL SETINT(#20H,CYCLE)
CALL OUTPUT( INTCT2,#0FEH)
C RE-ENABLE PROCESSOR INTERRUPTS
CALL ENABLE




C OUTPUT PULSE TO SET UP INPUT PORT
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CALL OUTPUT(PRTCTL,#03H)
CALL OUTPUT( PRTCTL,#02H>




























LOAD PROPORTION OF BASE LOAD PLANT 
CALL NUMIN(QN)
LOAD PROPORTION OF DIESEL PLANT 
CALL NUMIN(QD)
LOAD PROPORTION OF WIND TURBINE PLANT 
CALL NUMIN(QW)
LOAD WIND SPEED 
CALL NUMIN(VW)
LOAD WIND TURBINE OPERATING POINT 
CALL NUMIN(WOP)
LOAD WIND SPEED STEP SIZE 
CALL NUMIN(VWSTEP)
LOAD WIND TURBINE PITCH CONTROL GAINS 
CALL NUMIN(KP)
CALL NUMIN(KI)
LOAD ALTERNATOR TIME CONSTANT
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CALL NUMIN(TA)
C LOAD GRID FREQUENCY CORRECTION FACTOR
CALL NUMIN(GC)






































C ANALOG OUTPUT SCALING CONSTANTS
FESSCL=4096.0 /(1 .05 -0 .95 )
POSCL=(4096.0-2048.0 ) / (1 .0 -0 .0 )
C CALCULATION AND AVERAGING OF GRID FREQUENCY VALUE
75 CONTINUE
IFC. NOT.LGFROK) GOTO 75 
CNTSUM=0 




desp41.for - page 5 15:51 09-Dec-1987
77 CONTINUE
GFREQI=TIMSCL/FLOAT(CNTSUM)





C SEND INITIAL WIND TURBINE POWER FOR OUTPUT




































C LOAD HW HETER READING
CALL NUMIN(READMW)
C CALCULATE DIESEL OPERATING POINT
POD=READMW/PODMCR
C MEASURE AVERAGE VALUE OF DIESEL OUTPUT POWER
IPOOSM=0
DO 20 1=1,NSAMPL 
CALL ANIN(1, IPOD)
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I PODSM=IPODSM+INT4CIPOD)
20 CONTINUE




C CALCULATION AND FILTERING OF GRID FREQUENCY VALUE
CNTSUM=0 






C MEASURE AVERAGE VALUE OF DIESEL OUTPUT POWER
IPODSM=0




POD=PWSCL*FLOAT( IPODSM)- POD5V 
IPODSM=0
C CALCULATE INITIAL DEMAND VALUE
PD=QN*PON+QD*POD+QW*POW
C OUTPUT INITIAL DIESEL POWER OUTPUT
IPOD=2048. 0+NI NT( POSCL*POD)
IFCIPOD.GT.4095) IPOD=4095 
IFCIPOD.LT.2048) IPOO=2048 
CALL ANOUT( 2 , IPOD)



















C LOOK FOR COMMAND TO START SIMULATION
CALL BYTINCCTLIN)
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IF(CTLIN.NE.#53H) GOTO 60
C CALCULATE INITIAL DIESEL FREQUENCY REFERENCE
FREFI=GFREQI+BPD*POD




C RESET START FLAG
LSTART=.FALSE.




C SET UP VECTOR AND UN-MASK FOR TIME INTERRUPTS
CALL SETI NT(#24H,SAMPLE)
CALL OUTPUT(INTCT2,#OEEH)





C CALCULATION AND FILTERING OF GRID FREQUENCY VALUE
CNTSUM=0















B=LIMIT(Bf0 .0 ,90 .0 )
DB=(BD-B)/TP 
DB=LIMIT(DB,-1 0 .0 ,10 .0 )











































C COLLECT DEMAND CONTROL
IPDCTL=IPDSW
C CALCULATE WIND SPEED VALUE










C TEST FREQUENCY INPUT
FES=1.O-FREQ
FESCOR=FES+GC*CGFREQ-GFREQI)
C CALCULATION OF INJECTION SIGNAL
ISPCNT=ISPCNT+1 
IFCISPCNT.NE.2) GOTO 125 
ISPCNT=0
FTRACK=SPRS*FLOAT(NPULSE)


























































C OUTPUT FREQUENCY DEVIATION
IFES=2048+NINT( FESSCL*FES)








CALL ANOUT( 2 , IPOD)
C OUTPUT FREQUENCY DISCREPANCY WITH SPEEDER MOTOR INPUT
IFDISC=2048+NINT< FESSCL*FDI SC)
IF( IFDI SC. GT.4095) IFDISC=4095 
IFOFDISC.LT.0) IFDISC=0 
CALL ANOUT( 3 , IFDISC)
C OUTPUT CORRECTED FREQUENCY DEVIATION IF GRID FREQUENCY OK
IF(.NOT.LGFRLM) THEN
IFESCR=2048+NINT( FESSCL* FESCOR)








CALL ANOUT( 5 , IPD)









C SEND INTEGRATED SPEEDER MOTOR INPUT SIGNAL FOR OUTPUT
IFTRACK=2048+NINT(FESSCL*FTRACK)












C SEND WIND TURBINE BLADE TORQUE FOR OUTPUT
ITOW=2048. 0+NI NT(POSCL*TOWN)
IF(ITOW.GT.4095) ITOW=4095





































C LOOK FOR COMMAND TO FINISH SIMULATION
CALL SCANIN(CTLIN)
IF(CTLIN.NE.#46H) GOTO 30
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INTEGERS I POO 
INTEGER*4 IPODSM
COHMON/SAHPL1/NSAMPL, NCOUNT t KSIH
COMMON/SAMPL2/IPODSM
PARAMETER( INTCT1=#0C0H, PRTCTL=#OCEH)























INTEGER*2 TOLAST,I COUNT 
INTEGER*2 CNSAMP(50)
INTEGER*1 FSAMPL,If ICNSMP 
LOGICAL*1 LGFROK






IF( ICOUNT. GT.24699) ICOUNT=24699 
IF<ICOUNT.LT.24454) ICOUNT=24454
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C RESET PC5
C CALL OUTPUT(PRTCTL,#OAH>












S lave p ro cesso r code f o r  w in d -d ie se l system  t e s t s




MIXED SYSTEM SIMULATOR 
CODE FOR PROCESSOR 2 
CODE FOR ADDITIONAL I/O









PARAMETER( PORTA=#OC8H, PORTB=#OCAH, PORTC=#OCCH, PRTCTL=#0CEH)
C DISABLE PROCESSOR INTERRUPTS
CALL DSABLE
C RESET RAISE/LOWER CONTROL BYTE
ISPCTL=#03H




C SET UP DAC
CALL ANINIT(7)
C SYNCHRONISE WITH PROCESSOR 1
10 IF(SYNC) GOTO 10
20 IF(.NOT.SYNC) GOTO 20
P2RDY=.TRUE.
80 CONTINUE
C PERFORM I/O FUNCTIONS
C OUTPUT RAISE/LOWER CONTROL BYTE
CALL OUTPUT(PORTA,ISPCTL)
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END IF
IF(LFLAGA) then 














C EXTRA DAC OUTPUTS








Assembly language s u b ro u tin e s





DACSTS EQU 0A2H 
DACDAT EQU OAOH 
DACRST EQU 0A2H 
ADCHI EQU 80H 
ADCLO EQU 82H 
ADCSEL EQU 80H
ANINITPROC FAR;INITIALISES DAC 
MOV AL,0;RESET DAC 
OUT DACSTS,AL






MOV S I ,  [BP]
DACIN1 :IN AL,DACSTS;GET UPI STATUS 
AND AL,4;TEST FOR FO 
JZ DACINI
MOV AX, [SI];GET FINISH CHANNEL
AND AL,7;MASK OFF IRRELEVANT BITS







ANINPROC FAR;READS VALUE FROM ADC






MOV S I, [BP]+4
MOV AX, [SI];GET CHANNEL
OUT ADCSEL,AL
TSTEOC:IN AL,ADCLO;GET ADC STATUS 
AND AL,1;TEST FOR EOC 
JNZ TSTEOC
IN AL,ADCLO;GET LOB DATA 
MOV DL,AL
IN AL,ADCHI;GET HOB DATA 
MOV DH,AL
MOV CL,4 ;RESTORE TO INTEGER FORMAT 
SHR DX,CL
MOV DS, [BP]+2;GET ADDRESS OF DATA OFF STACK 
MOV S I, [BP]
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RET 8 
ANINENDP
ANOUTPROC FAR/WRITES VALUE TO DAC






MOV S I, [BP]
CALL DACWT;CHECK DAC READY
MOV DX,[SI];GET DATA
MOV CL,3 ;CHANGE FROM INTEGER FORMAT
SHL DX,CL
MOV DS, [BP]+ 6;GET ADDRESS OF CHANNEL OFF STACK 
MOV S I, [BP]+4
ADD DX,[SI];GET CHANNEL, SET UP HOB, LOB DATA
SHL DX,1;FINISH CHANGE FROM INTEGER FORMAT
MOV AL,DL;WRITE LOB DATA
OUT DACDAT,AL
CALL DACWT;CHECK DAC READY








DACIBF:IN AL,DACSTS;GET UPI STATUS 






DW 20 DUP (?);RESERVE STACK SPACE 
STACKENDS
END











PORTA EQU 0C8H 
PORTB EQU OCAH 









MOV DS, [BP]+8 

















MOV DS, [BP]+8 

















MOV DS, [BP]+8 








































MOV DS, [BP]+8 















































MOV DS, [BP]+8 







SEGMENT STACK 'STACK' 
DW 20 DUP (? )
ENDS
END
































MOV DS, [BP]+8 








SEGMENT STACK 'STACK' 
DW 40 DUP(?)
ENDS
END
